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Zusammenfassung 
 
Altlasten und Hinterlassenschaften industrieller Aktivitäten belasten bis heute unsere Umwelt. 
Während zurzeit aktive Fabriken der chemischen Großindustrie einen großen Anteil an der 
heutigen Umweltverschmutzung ausmachen, gefährden selbst stillgelegte Anlagen die Umwelt 
sowohl regional als auch global. Ein solches Beispiel stellen die ehemaligen, chemischen 
Werke im Industriegebiet Bitterfeld-Wolfen in Sachsen-Anhalt dar. Im Laufe ihrer über 100-
jährigen Geschichte verschmutzten sie neben den eigentlichen Werksgeländen auch die 
angrenzende Mulde und ihre Flussauen mit organischen und anorganischen Schadstoffen. 
Besonders zur Mitte bis Ende des 20. Jahrhundert, zu Zeiten der DDR, wurde die industrielle 
Produktion intensiviert. Als Folge der dementsprechend gestiegenen Mengen industrieller 
Abfälle sind die Gebiete der lokalen Vorfluter Spittelwasser und Mulde hochgradig belastet 
mit Schwermetallen und organischen Schadstoffen wie DDT, Dioxinen und HCHs. 
Schadstoffe aus dem Gebiet Spittelwasser/Mulde konnten weiter stromabwärts in der Elbe bis 
hin zur Mündung in die Nordsee nachgewiesen werden. Damit stellen die Kontaminationen im 
Bereich Bitterfeld-Wolfen nicht nur ein regionales Problem dar. 
Allerdings sind zahlreiche, auftretende Schadstoffe nicht exklusiv auf industrielle Emissionen 
zurückzuführen. Andere Quellen wie städtische Kläranlagen und Landwirtschaft sind ebenfalls 
dafür bekannt die Umwelt zu verschmutzen. Es ist daher notwendig Schadstoffe zu finden, mit 
denen explizit der Einfluss von Industriequellen auf die Umwelt nachgewiesen werden kann. 
Frühere Studien konnten für das Pestizid Hexachlorcyclohexan (HCH) unterschiedliche 
Isomerenmuster in der Umwelt zeigen. Diese Muster stimmten dabei weder mit dem 
Substanzgemisch aus der industriellen Synthese von HCH noch mit dem vermarkteten 
Produkt, Lindan, überein. Eine Erklärung für deren Entstehung liefert hierbei die Überlagerung 
von simultan ablaufenden, isomeren-diskriminierenden Umweltprozessen wie Transfer, 
Abbau und Verdunstung. Es wurden insbesondere Transferprozesse zwischen Schwebstoffen 
und der wässrigen Phase in aquatischen Systemen beobachtet, jedoch noch nicht systematisch 
erfasst. Diese Änderungen im Isomerenmuster können daher die eigentliche Quelle der 
Umweltverschmutzung verschleiern. Eine gemeinsame Basis des Vergleichs fehlt. Daher 
können Nebenprodukte aus der Lindansynthese als Anhaltspunkt dienen. 
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Geeignete Schadstoffe zum Nachweis industrieller Emissionen wurden durch Analyse von 
Sedimentproben der Mulde aus dem Jahr 1993 gefunden. Hierbei stehen die stark indikativen 
Stoffe in einem direkten Zusammenhang zu quellenspezifischen Industrieemissionen, da sie 
nur in Sedimenten stromabwärts des Industriegebiets auftraten. Zu dieser Stoffgruppe zählen 
unter anderem Edukte und Nebenprodukte aus chemischen Reaktionen. Moderat indikative 
Stoffe wurden stromabwärts des Gebiets in einer erhöhten Konzentration im Sediment 
gefunden, sind also daher nicht eindeutig diesem Industriegebiet zuzuordnen. Die Gruppe der 
stark indikativen Stoffe wurde nach zehn bis zwanzig Jahren in den obersten Lagen des 
angrenzenden Auenbodens detektiert. Somit konnte der Transfer der partikelgebundenen 
Schadstoffe vom Sediment auf die Auen nachgewiesen werden. Eine erhöhte Konzentration 
zahlreicher moderat indikativer Schadstoffe im Auenboden deutete eine stetige, bis heute 
andauernde Emission dieser Stoffe durch die stillgelegten Industrieanlagen an.  
Im Flusssystem des Spittelwassers konnte eine Verschiebung im Isomerenspektrum der HCHs 
gezeigt werden. Laborexperimente bestätigten die Vermutung einer Wechselwirkung 
zwischen Schwebstoff und Wasser. Diese Interaktion führt zu einer Abreicherung zweier 
Hauptisomere des HCHs aus der Wasserphase und zu einer starken Anbindung an partikuläres 
Material. Die Wasser-Partikel-Wechselwirkungen führten im Auenboden jedoch zu einem 
anderen Isomerenmuster. Die Stärke der Anbindungen der Stoffe an Partikel ist daher offenbar 
stark abhängig von äußeren Umwelteinflüssen, die zu einem matrixabhängigen, 
isomerenspezifischen Mobilisationsverhalten führt. 
Höher- und niederchlorierte Cyclohexane wurden ebenfalls im Flusssystem des Spittelwassers 
detektiert. Obwohl die gemessenen Konzentrationen geringer waren als die der HCHs, zeigte 
insbesondere die Flussaue erhöhte Werte. Die Isomerenzusammensetzung dieser Stoffgruppen 
war vergleichbar mit den Ergebnissen aus Untersuchungen des HCH-Produktionsabfalls. 
Obwohl daher eine Anwendung als Indikator für eine Industriequelle naheliegt, ist zu beachten, 
dass die niederchlorierten Spezies Abbauprodukte der HCHs darstellen und daher weniger 
geeignet sind. 
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Abstract 
 
The legacy of past industrial production constitute a massive burden to the present quality of 
the environment. Emissions from active chemical industrial plants are a major contribution to 
the contamination of the environment. But inactive industrial sites may also pose a risk both 
regionally and globally. One example is the industrial megasite Bitterfeld-Wolfen located in 
Central Germany. The extended areas of the former plants as well as the adjacent riverine 
system of the Mulde River were contaminated with organic and inorganic pollutants by over 
100 years of industrial activity. The mid- to late 20th century in particular saw an increase in 
industrial production and, subsequently, elevated emissions. Hence, environmental 
compartments of the riverine system in vicinity to the megasite are known for their elevated 
concentrations of various organic compounds such as heavy metals, DDT, PCDD/F, HCH, and 
other pollutants. In addition, contaminations by the industrial area were found in riverine 
systems downstream and are therefore not confined regionally. 
However, several pollutants are not limited to direct emissions from industrial sources and can 
also be found in other contributions to environmental contamination such as municipal waste 
water or agricultural surface run-off. Hence, more source-specific compounds are needed to 
trace industrial pollution. Previous studies of one specific group of industrial pollutants, 
hexachlorocyclohexanes (HCHs), revealed isomeric patterns deviating from either the HCH 
mixture yielded by synthesis and the marketed pesticide Lindane. Several superimposed 
processes such as transfer, degradation and evaporation are responsible for these shifts in the 
isomeric distribution of HCHs. Especially transfer processes between water and suspended 
particulate matter can be observed in the aquatic environment but were not systematically 
investigated so far. Furthermore, shifts in isomeric distribution of HCHs may conceal the 
emission source as patterns of potential source materials and patterns detected in 
environmental compartments are too different. Hence, other indicators of emission sources are 
needed. Thus, by-products of the HCH synthesis may act as such tracers of HCH 
contamination. 
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Analyses of sediment samples of the Mulde River in 1993 allowed the establishment of a set 
of organic indicators. This set comprise strong indicators for the impact of the megasite 
Bitterfeld-Wolfen on the riverine system. This compound group was only detected in samples 
downstream of the industrial area. These indicators include source-specific compounds such 
as precursors, by-products, and reactants of chemical reactions. In addition, moderate 
indicative compounds with more wide-spread applications were also detected. Recovery of the 
strong indicators in samples of recent soil layers of adjacent floodplains proved their 
usefulness as tracers for industrial pollution of the area and the transition of particle-bound 
contaminants from subaquatic sediment to alluvial deposits on riparian wetlands. Furthermore, 
elevated concentrations of several moderate indicators suggested and a continuous pollution 
of the riverine system even after the shutdown of major industrial production facilities. 
A shift in the isomeric distribution of HCHs was observed in the aquatic environment of the 
riverine system. Results from natural samples and complementary lab experiments suggested 
water-particle matter interaction to be responsible for isomer discriminating depletion of two 
of the main isomers of HCH from the water phase by preferred association with suspended 
matter. A dependency of type and amount of particulate matter can be assumed. In contrast, in 
soil samples mobilization of HCH isomers were different leading to deviating isomeric 
patterns. The results therefore indicated that the environmental fate of HCH is strongly 
determined by environmental conditions and the induced association with particulate matter. 
Depending on the matrix type, different isomer specific mobilization was concluded. 
Higher and lower chlorinated species of cyclohexane were detected in environmental samples 
of the riverine system. Though, much less concentrated than HCHs, amounts detected in soil 
samples were elevated. In addition, isomeric patterns of these compounds were similar to 
patterns found in industrial HCH waste. Therefore, applicability as a tracer for industrial HCH 
waste or application of the HCH mixture yielded by synthesis is suggested. However, lower 
chlorinated species are also degradation products of HCHs and hence, are less suited. 
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1. Introduction 
 
Anthropogenic pollution of the environment is a direct consequence of human actions. From 
the control of fire to agriculture, mining and the smelting of ore, even early mankind influenced 
its living environment, although mostly on a local scale. Nascent industrialization resulted in 
a dramatic rise of local environmental pollution around factories or urban centers such as 
London. Ascending industry branches like the chemical industry or oil refineries and 
processers added to the existing emission sources. Advancing technology allowed the 
application of fertilizers and pesticides on an industrial scale. During the mid-20th century, 
global distribution of various anthropogenic substances as well as their persistent properties 
and negative effects on the environment were realized. Further investigations resulted in the 
subsequent ban of production and use of numerous chemical compounds in most countries. As 
a legacy of the manufacture and application of anthropogenic substances, ecosystems in 
proximity to former production plants and areas of application as well as remote environmental 
compartments have been contaminated.  
The present work investigate the consequences of prolonged emissions of anthropogenic, 
industrial pollutants into a riverine system by industrial sources located at the megasite 
Bitterfeld-Wolfen, Germany. Historic sediment samples were compared to recent soil samples 
from the adjacent floodplains to determine the overall fate of industrial pollutants after 
deposition on riparian wetlands. Furthermore, by focusing on a specific group of anthropogenic 
substances, the hexachlorocyclohexanes (HCHs), the environmental fate determined by 
transport and transfer processes could be observed in detail. In addition, by-products of the 
production of HCHs were used to potentially differentiate between an agricultural and an 
industrial emission source. 
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1.1 Organic Pollutants in Wetlands 
Wetlands are ecosystems with an enormous biodiversity. They are characterized by the 
presence of surface or subsurface water, soil conditions deviating from surrounding terrestrial 
areas, and adapted flora and fauna (Mitsch and Gosselink 2007). Typical wetlands include 
swamps, bogs, marshes, and riparian wetlands. Especially the last representative of wetlands, 
the fertile floodplains of rivers, were preferred areas of settlement for early human society. 
Favorable agricultural, cultural, and economic conditions in areas such as the Nile River and 
its delta, the Yellow River, the Indus River valley, and Mesopotamia between the Euphrates 
and Tigris River resulted in the rise of numerous early human civilizations. Regularly 
reoccurring flood events provided husbandry with important water and nutrients. Despite that 
advancements in technology rendered living in proximity to floodplains in most industrialized 
societies unnecessary (Di Baldassarre et al. 2013), many of today’s largest urban settlements 
are located in floodplains or river deltas (McGranahan et al. 2007).  
In addition to flood events and fluctuating groundwater body, input to the hydrological budget 
of riparian wetlands and floodplains consists of typical contributions also present in terrestrial 
soil: precipitation, evapotranspiration, and percolation (Schwartz et al. 2000). Depending on 
the flow rate during flood events and particle-size of preexisting sediments and particulate 
matter upstream, different types of soil are created by the deposition of fluvial sediment. These 
soils can be categorized according to international (World Reference Base for Soil Resources, 
WRB) or national guidelines. Soil of riparian wetlands and floodplains in Central Europe are 
divided into five types by the German pedological system, but overlaps with other groundwater 
influenced soils may occur (Miehlich 2000). Floodplain soils next to the River Mulde and the 
investigation area of the megasite Bitterfeld-Wolfen in Central Germany are classified as the 
subtype ‘vergleyte Norm-Vega’ (humi-endogleyic fluvisol) (Schwartz et al. 2006). 
Biodiversity of wetlands are determined by their hydrology and characteristics of the occurring 
flood events (Mitsch and Gosselink 2007). Organisms in wetlands are highly adaptable to the 
fluctuating conditions of their environment such as temperature and water level which results 
in the ability to even use waste water as nutrients (Kiedrzyńska and Zalewski β01β). 
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However, anthropogenic interference such as diking, river regulation, and the construction of 
dams, barrages and groins impede the natural course of the river and related processes like 
flooding and sedimentation. Thus, the area of natural floodplains was severely reduced 
(Miehlich 2000). Furthermore, anthropogenic interferences with riverine hydrology influence 
nutrient cycling and contamination retention in riverine wetlands (Lair et al. 2009). Thus, the 
existence of floodplains, ~1.γ% of the earth’s surface, is threatened globally (Tockner and 
Stanford 2002).  In addition, population growth and advancing industrialization since the 
industrial revolution massively increased emission of urban, municipal, agricultural and 
industrial contaminants into the adjacent riverine systems. These anthropogenic emissions can 
either originate from point sources such as industrial plants or sewage treatment facilities, or 
diffuse sources like agricultural surface run-off or atmospheric transport (Heim and 
Schwarzbauer 2013). While volatile, readily degradable or water soluble compounds, generally 
referred to as non-persistent, may pose a temporary threat to the aqueous system, they are 
removed relatively fast. However, recalcitrant compounds with high resistance to degradation, 
low volatility, as well as lipophilic and hydrophobic properties associate readily with organic 
and inorganic suspended matter. Besides inorganic contamination by heavy metals such as Hg 
and As, persistent organic pollutants (POPs) constitute a major environmental risk for these 
ecosystems. These organic contaminants preferably associate with fine-grained suspended 
particles (Warren et al. 2003). Subsequent sedimentation of particulate matter in low energy 
areas of the fluvial environment creates subaquatic sediment archives which reflect historic 
pollution (Heim and Schwarzbauer 2013). Remobilized by flood events, sediment-bound 
pollutants can settle on riparian wetlands and floodplains, which are suggested as a major sink 
for organic contaminants in riverine environments (Hudson-Edwards and Taylor 2003). Thus, 
terrestrial sediment archives of deposited organic pollutants are created (Klos and Schoch 
1993). In addition, by association of hydrophobic organic pollutants with particulate matter in 
soils and sediments bioavailability decreases (‘ageing’) and their environmental fate is 
governed by numerous soil properties such as soil organic matter, inorganic constituents and 
their pore size and structure, microorganisms, and pollutant concentrations (Reid et al. 2000). 
So far, investigations of aquatic systems primarily focused on contaminations of subaquatic 
sediments, particulate matter, water, and biota within the river or heavy metals in adjacent 
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floodplains. However, investigations of organic pollutants in riverine floodplains of Germany 
were performed exemplary for the Rhine River (Hembrock-Heger 2000), the Mosel River (Y. 
Yang et al. 2008), the Lippe River (Heim et al. 2004), the Elbe River (Witter et al. 1998, Witter 
et al. 2004) and the Mulde River (Schwartz et al. 2006). The Mulde River is situated in vicinity 
to the megasite Bitterfeld-Wolfen, the investigation area of this work. 
 
1.2 Megasite Bitterfeld-Wolfen 
The megasite Bitterfeld-Wolfen is an industrial area located adjacent to the urban areas of the 
cities Bitterfeld, Wolfen, and Greppin in the south-east of the federal state Saxony-Anhalt, 
Germany (Figure 1). The region was well known for lignite mining which began in the first 
half of the 19th century and ceased in 1993. Mining and production of coal, easy access to water 
as well as advantageous infrastructure favored the subsequent development of various branches 
of the chemical industry. Beginning in 1893, numerous companies such as the electrochemical 
plants, paint manufactories and the film factory were established (Lesch 2000). Later, 
combined in the conglomerate IG Farben, these companies expanded spatial and in range of 
production (Tammen 1978). After the Second World War and the liquidation of IG Farben, the 
existing plants were reorganized as nationally owned companies (VEB – Volkseigener Betrieb) 
and ownership was passed on to the German Democratic Republic between 1952 and 1954. 
State programs in the late 1950s resulted in the intensive development and expansion of the 
carbo- and petrochemical production (Neumann 1972). Chemical plants at Bitterfeld-Wolfen 
produced a wide range of products including base chemicals such as chlorine and sodium 
hydroxide, polymers, azo and aniline dyes, synthetic fibers, metals, detergents, ion exchangers, 
and pesticides. Overall, chlorine-based chemistry and related products played a prominent role 
in the history of this megasite. Since the German reunification in 1990 production was scaled 
back considerably as maintenance of operation of outdated plants was no longer economic 
efficient and ecological justifiable in the post-Cold War era. Recent industrial location is 
accompanied by strict environmental regulations and the installation of modern waste water 
treatment facilities.  
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However, ecological sustainability was not requested in the past. Thus, as consequence of 
former, loose regulations in production processes and waste disposal, environmental 
compartments of the megasite Bitterfeld-Wolfen and the adjacent riverine system of the Mulde 
River were and still are massively contaminated with various chemical pollutants (Walkow et 
al. 1999). In addition to direct emission via waste water effluents and polluted soil at 
production sides, industrial waste comprising residues of chemical processes and ash from 
Figure 1 The industrial megasite Bitterfeld-Wolfen. Major areas of industrial activities comprised A 
film factory, B paint factory, and C the electrochemical plants. Noteworthy, most surface waters east 
and west of the megasite are flooded former opencast mines. The riverine system affected by emissions 
from this industrial area is shown in Figure 2 in detail (©OpenStreetMap-contributers, modified). 
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local lignite-fired power plants was deposited in abandoned opencast pits, landfills and in 
partly undocumented waste disposal sides. In this way created reservoirs of contaminants 
constitute a potential environmental risk (Weber et al. 2011). Thus, after the discontinuation 
of lignite mining and a subsequent rise of the artificial lowered phreatic surface, unsealed waste 
deposits threaten the quality of the local groundwater volume (Wycisk et al. 2003). In addition, 
local hydrology is seriously disturbed as a result of these past, extended mining activities 
(Wycisk et al. 2006). Hence, multiple superposed point sources in the area created an almost 
diffuse source pattern of industrial contamination. 
Recipients of the megasite are mainly the man-made Schachtgraben canal and the 
Spittelwasser creek, which later joins the Mulde River (Figure 2). As a tributary to the Elbe 
River, the quality of the Mulde River severely affects environmental compartments 
downstream. Pollutants from the megasite were detected in sediments of the German bight 
over 400 km further downstream (Schwarzbauer et al. 2000). In addition, flood disasters in the 
Elbe River regularly affect the Mulde River as well, mobilizing contaminated subaquatic 
sediments. Consequently, adjacent riverine floodplains are known for elevated concentrations 
of numerous pollutants (Schwartz et al. 2006) caused by deposition of these mobilized 
sediments. 
Hence, the megasite Bitterfeld-Wolfen was directly or indirectly involved in numerous studies 
assessing the dimension of the environmental contamination. Direct studies involved sampling 
and analyses of local environmental compartments to assess their state of contamination. 
Indirect studies proved the extensive influence of the megasite Bitterfeld-Wolfen on riverine 
systems further downstream by analyzing affected samples in these respective areas. Studies 
of local groundwater indicated high concentrations of chlorinated hydrocarbons and pesticides 
(Wycisk et al. 2003) and suggested the Schachtgraben canal as a drainage system independent 
from the local aquifer (Petelet-Giraud et al. 2007). As a result, sediment associated 
contaminants in the Schachtgraben canal constitute a long-term source of pollution for 
environmental compartments downstream (Schmidt et al. 2008). High pollution of the regional 
aquifers with chlorinated compounds resulted in an adaptation of local microorganisms, 
leading to the ability to degrade halogenated hydrocarbons (Kaufhold et al. 2013). Further 
investigation of ground and surface water as well as and sediment samples revealed 
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contamination with a large variety of chlorinated compounds, sulfur-, nitrogen- and 
phosphorous-containing pollutants, pesticides, and heterocyclic compounds (Franke et al. 
2005). 
In addition, soils from floodplains of the Mulde River downstream of the industrial area are 
known for elevated concentrations of various heavy metals, DDX, HCHs and PCDD/F (Wilken 
et al. 1994, Walkow et al. 1999, Schwartz et al. 2006). 
Figure 2 Riverine system of the Mulde River downstream of the industrial megasite Bitterfeld-Wolfen. 
The man-made Schachtgraben canal drains areas of the megasite. The adjacent, local sewage treatment 
plant is not connected to this recipient. The canal joins the Spittelwasser creek northwest of the village 
Jeßnitz. The Spittelwasser creek originates in the Salegaster forest and also drains parts of the industrial 
area. The creek joins the Mulde River north of the village Raghun. However, there is a water-level 
dependent compensation canal south of the village, which connects the Mulde River to the Spittelwasser 
creek (©OpenStreetMap-contributers, modified). 
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Furthermore, local agricultural soils were also polluted by the chlorinated contaminants PCB, 
HCHs, and DDX (Manz et al. 2001). Microinvertebrates and breams in the Spittelwasser creek 
and the Mulde River exhibited higher concentrations of organic pollutants than in other parts 
of Elbe River’s catchment area (Kolarikova et al. 2013). A recent monitoring study attested 
elevated concentrations of tributyltin, HCH, and DDT in the riverine system (Jacobs et al. 
2013). However, it was suggested that concentrations of organic contaminants in humans is 
decreasing (Schlebusch et al. 1993).  
Dated sediment samples from the Elbe River exhibited, among other chlorinated compounds, 
elevated concentrations of PCDD/F, HCHs, DDX and tetrachlorinated ethers, which were 
attributed to emissions from the megasite Bitterfeld-Wolfen (Gotz et al. 2007). Other results 
also suggest the Mulde River as an important source of chlorinated pesticides such as dioxins, 
HCHs and DDX (Gandrass and Zoll 1996, Walkow et al. 1999, Heemken et al. 2000). Recent 
observations showed an overall decrease of inorganic and organic contaminations of the Elbe 
River (Heininger et al. 1998, Adams et al. 2001), but concentrations of certain recalcitrant 
substances such as tributyltin and HCHs remain elevated (Heininger et al. 2004). 
 
1.3 Industrial Organic Pollutants 
Direct emissions from industries constitute a major pollution source for all environmental 
compartments. Broad spectra of anthropogenic contaminants are released by various branches 
of industry such as the pharmaceutical industry, tanneries, rubber and tire production, the 
petrochemical industry, food processing, automobile manufacturers, and the electric industry. 
Focusing particular on organic contaminants, a variety of compounds are exhibited by 
industrial effluents, even after waste water treatment. Some of them are ubiquitous and can be 
found in effluents of other environmental pollution sources such as municipal sewage 
treatment plants or agricultural surface run-off. Other compounds are closely related to explicit 
industrial processes. Therefore, these source-specific contaminants are typically detected in 
high concentrations only in immediate vicinity to their pollution source e.g. a local plant. High 
source-specificity and environmental stability allow tracing of these compounds from 
industrial waste effluents to various environmental compartments such as water, suspended 
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particulate matter, subaquatic sediments, and terrestrial sedimental deposits (riparian wetlands 
and floodplains). In particular, lipophilic substances tend to associate with organic matter such 
as the particulate matter and sediments in an aquatic environment. Thus, they can be recovered 
in terrestrial riverine soil after subsequent deposition by flood events. This enables an 
assessment of the emission situation and the corresponding effect on the environment. 
However, tracing of non-source-specific industrial organic pollutants should not be neglected 
considering their widespread occurrence and potential harmful effect on the environment. 
A comprehensive industry-distinctive list of industrial organic pollutants in industrial waste 
effluents and the subsequent aquatic environment was compiled by Dsikowitzky and 
Schwarzbauer (2014). Typical examples of source-specific industrial organic pollutants and 
potential markers are azo compounds and their metabolites for the textile industry, derivatives 
of benzothiazoles (vulcanization catalysts) for the rubber and tire production (Puig et al. 1996), 
and hexamethoxymethylmelamine for the coating industry (Bobeldijk et al. 2002). However, 
it was pointed out that contaminants detected in industrial waste water effluents are not 
necessarily found in corresponding samples of adjacent environmental compartments 
(Dsikowitzky and Schwarzbauer 2014). Therefore, the sole analysis of industrial waste is not 
sufficient to assess environmental impact and hazard of organic industrial pollutants. In 
addition, recent advancements in instrumental analysis lead to detection of so called emerging 
pollutants, some of them potential organic industrial pollutants (Murray et al. 2010). Trends in 
this analytical field are reviewed regularly (Richardson and Ternes 2014). Furthermore, 
improved industrial processes and the production and application of novel chemicals lead to a 
steady emission of additional industrial pollutants. Therefore, the continuous refinement of 
environmental analysis and the subsequent screening of environmental samples for yet 
unknown contaminants remain imperative. 
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1.3.1 Hexachlorocyclohexane 
Figure 3 Structures of the environmentally relevant isomers of HCH. Axial chlorine atoms are 
indicated in red. 
Prominent examples of industrial pollutants are hexachlorocyclohexanes. Isomers of HCHs, 
short for 1,2,3,4,5,6-hexachlorocyclohexanes (C6H6Cl6), are a group of chlorinated, persistent 
organic pollutants. Discovered by Michael Faraday in 1825, original synthesis involves 
chlorination of benzene using UV-radiation. Synthetic approaches via catalyzer instead of UV-
radiation and for enriched HCH also exist (Vijgen 2006). Synthesis yields a mixture of five 
stereo-isomers labeled with the Greek letters α, ȕ, Ȗ, į, and İ, whereas α-HCH consists of two 
enantiomers (+)-α-HCH and (-)-α-HCH. Further stereo-isomers can only be synthesized under 
lab conditions and are not environmentally stable (Fiedler et al. 1993). The typical isomeric 
composition of the technical HCH (techn. HCH) product yielded by synthesis is 60-70% α-
HCH, 5-1β% ȕ-HCH, 10-1β% Ȗ-HCH, 6-10% į-HCH, and 3-4% İ-HCH (Willett et al. 1998, 
Walker et al. 1999). However, insecticidal properties were discovered exclusively for the Ȗ-
isomer in the early 1940s (Safe 1998). Thus, for every ton of active pesticide compound 8-12 
tons waste isomers are created. However, early applications as a pesticide involves the use of 
the techn. HCH mixture. Purification of techn. HCH by recrystallization leads to >99% pure 
Ȗ-HCH, which was marketed under the trade label Lindane. In the agricultural sector, Lindane 
gradually replaced the techn. HCH mixture. Later on, techn. HCH found niche applications 
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such as forestry, wood preservation, and veterinary medicine, but was phased out or replaced 
by Lindane, too. Further details of technical production of HCH and variations in synthetic 
approaches were summarized by Vijgen (2006). 
 
Physical and Chemical Properties of HCH 
Isomers of HCH are distinguished by spatial orientation and position of their chlorine atoms 
as shown in Figure 3. The base skeleton of HCHs, the cyclohexane ring comprise six sp3-
hybridizied carbon atoms, exists preferentially in the condition of lowest energy – the chair 
conformation. Here, substituents can arrange either in axial or equatorial position. Bulky 
substituents such as chlorine are coerced into the spacious equatorial positions to minimize 
strain energy (steric effects). In addition, axial positions show higher reactivity for steric 
reasons such as a possible favored diaxial position of the reactant (Willett et al. 1998, Walker 
et al. 1999). Hence, HCHs will prefer conformations where the maximum number of chlorine 
atoms are located in equatorial positions. As a result, the typical switch between the various 
possible conformations of the cyclohexane ring is severely impeded. In ȕ-HCH, every chlorine 
atom occupies an equatorial position, whereas į-HCH has one chlorine atom in an axial 
position. Both α-HCH and İ-HCH possess two axial chlorine atoms. The maximum of three 
axial chlorine atoms is exhibited by Ȗ-HCH. Therefore, the highest reactivity is suggested for 
Ȗ-HCH, whereas the conformation of ȕ-HCH shows the state of lowest energy for HCH. In 
order of reactivity: 
β < ɷ < α ≈ ɸ < ɶ. 
This spatial positioning of chlorine atoms is responsible for the differences in physical and 
chemical properties between the different isomers of HCH as well as their overall 
environmental behavior such as transportation, degradability and environmental fate. Decisive 
physical and chemical properties which determine environmental behavior are the partition 
coefficients KOW (octanol-water) and KOA (octanol-air), vapor pressures, solubility in water 
and octanol (representing organic phases), and the resulting Henry’s δaw constant (volatility 
from aqueous phase). These properties are usually only available for the main components of 
techn. HCH (the α-, ȕ-, and Ȗ –isomer) and are summarized in Table 1. Solubility of the solid 
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compounds in water SWS follows the general order of reactivity mentioned above with Ȗ-HCH 
exhibiting the best solubility while ȕ-HCH is hardly soluble. Vapor pressure PS is slightly 
higher in Ȗ-HCH than in α-HCH and much lower in ȕ-HCH. However, the resulting Henry’s 
δaw constant predicts a higher volatility of α-HCH over Ȗ-HCH. Again, ȕ-HCH shows a lower 
tendency to enter the gas phase from an aqueous solution. While partition coefficients KOW are 
similar for these three isomers, ȕ-HCH is much better soluble in octanol and less likely to 
transfer from this phase into the air (KOA). Therefore, an increased association of ȕ-HCH with 
organic phases is suggested while α-HCH and Ȗ-HCH tend to dissolve in an aqueous phase and 
are subject to subsequent vaporization. Studies indicated a good correlation between TOC 
content and concentration of HCH (Wu et al. 1997a). A mobilization of ȕ-HCH due to 
association with DOC was suggested (Kalbitz et al. 1997) and concentration of DOC and 
associated ȕ-HCH was furthermore impacted by season (Kalbitz and Popp 1999).  
Table 1 Physical and chemical properties of the three main isomers of HCH. Solubility in water (SWS) 
and vapor pressure (PS) refer to the solid state. Solubility in water (SWL), in octanol (SOL), and vapor 
pressure (PL) referring to the liquid state are not immediate environmentally relevant, but are included 
for comparison. The Henry’s δaw constant H and the partition coefficients KOW and KOA are crucial in 
environmental distribution processes (air-water-organic matter interaction). 
 
α-HCH β-HCH ɶ-HCH 
Structural code 
(axial/equatorial) 
aaeeee eeeeee aaaeee 
SWS [mol/m³]a 0.00560 - 0.00698 0.000688 - 0.00241 0.0074 - 0.052 
SWL [mol/m³]b 1.18, 1.44 0.293, 0.333 0.233, 0.247 
SOL  [mol/m³]b 2870 11800c 1680 
PS [Pa]a 3.33 x 10-3 2.90 - 3.73 x 10-5 1.25 - 23.3 x 10-3 
PL [Pa]a 2.95 - 8.03 2.54 - 3.27 x 10-2 1.30 - 9.93 x 10-2 
H [Pa m³ mol-1]b 0.735 0.037 0.306 
Log KOW b 3.94 3.91 3.83 
Log KOA b 7.46 8.74 7.74 
a
 Xiao et al. 2004, ranges compiled from literature 
b
 Xiao et al. 2004, values derived from literature, Final Adjusted Value (model) 
c  Xiao et al. 2004, value calculated from other properties 
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Legacy of HCH Production 
HCHs were produced in large quantities in industrialized countries after the Second World 
War. Later, developing countries followed. It is estimated that the global application of 
Lindane between the years 1950 and 2000 amounted 600000 tons (Vijgen 2006). This suggests 
the existence of at least 2 to 5 million tons of HCH waste isomers worldwide. In-depth data on 
production and usage of HCHs globally and distinguished by nation was compiled by Li (1999) 
and Vijgen (2006). As consequence of their biological and environmental persistence, 
production and application of HCHs were banned in most countries beginning in the 1970s. 
However, legacy of production and application are still a risk for the environment locally and 
globally. Thus, numerous studies examined the environmental effects and properties of HCHs. 
Air-bound migration of α-HCH and Ȗ-HCH lead to a global distribution of these isomers 
(Wania and Mackay 1996). In addition, bioaccumulation (Xu et al. 1994, Willett et al. 1998, 
Amorim et al. 2002, Kumar et al. 2006) as well as (eco)toxicity (Oliveira and Paumgartten 
1997, Bhatt et al. 2009, Olivero-Verbel et al. 2011) were observed. Thus, even remote 
ecosystems such as the Arctic are affected by the extensive production and application of 
HCHs (Jantunen and Bidleman 1996, Li et al. 1998, Moisey et al. 2001, Hoekstra et al. 2003, 
Borga et al. 2004). Furthermore, the carcinogenic potential of the lipophilic, recalcitrant ȕ-
HCH isomer (Zou and Matsumura 2003) is of public concern given its tendency to bio- 
accumulate. Hence, HCHs were added to the list of persistent organic pollutants of high 
environmental relevance by the Stockholm Convention (Vijgen et al. 2011). 
Isomers of hexachlorocyclohexanes were detected in almost every environmental 
compartment worldwide (Willett et al. 1998, Li 1999, Walker et al. 1999). In addition to 
numerous examples from the megasite Bitterfeld-Wolfen, HCHs were detected in air samples 
of the Lake Malawi (Karlsson et al. 2000), the Great Lakes region (Venier and Hites 2014) and 
the Arctic (Ding et al. 2007), in sediment samples of the German capital Berlin (Schwarzbauer 
et al. 2001, Heim et al. 2005, Ricking and Schwarzbauer 2008), the Ya-Er Lake (Wu et al. 
1997a) and Pearl River Delta in China (H. S. Li et al. 2011), in sediment, soil and floodplain 
samples of the Elbe River (Witter et al. 1998, Witter et al. 2004, Barth et al. 2007), in 
environmental compartments of the Baikal Lake region (Iwata et al. 1995), in plants samples 
from Spain (Barriada-Pereira et al. 2005) and India (Abhilash et al. 2008), in liver tissue of 
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ducks (Berny et al. 2003), roe-deer (Pfaffenberger et al. 1994) and breams (Marth et al. 1997), 
and in human breast milk in India (Kumar et al. 2006) and Germany (Zietz et al. 2008). In 
national-wide studies, HCHs were found in various ecosystems in Germany (Marth et al. 1999, 
Heinisch et al. 2005) and Egypt (Yamashita et al. 2000). 
 
Degradation of HCHs 
Although HCHs are categorized as POPs, degradation can be observed. Several authors 
summarized the current state of knowledge on this topic in detail (Phillips et al. 2005, Bhatt et 
al. 2009, S. L. Li et al. 2011). Hence, the following section will be limited to the primary 
findings regarding degradation of HCHs. 
In general, degradation can be distinguished by degradation environment (aerobic/anaerobic) 
and involvement of microorganisms (biotic/abiotic). Resistance of HCHs towards degradation 
processes is mainly governed by their structure and spatial arrangement/orientation of chlorine 
substituents as well as derived properties such as dipole moments, bond strengths, solubility, 
vapor pressure and partition coefficients. Possible reaction mechanisms involved in the 
degradation of HCHs are substitutions (SN1 or SN2), reductive eliminations (dihaloelimination 
and hydrogenolysis), and non-reductive eliminations (ȕ-elimination via E1 and E2 
mechanisms/dehydrohalogenation) and are described in detail elsewhere (S. L. Li et al. 2011). 
It was concluded that non-reductive elimination and dihaloelimination are a preferred reactions 
of HCHs. 
In addition, isomerization of HCHs was suggested as a possible transformation step by some 
authors. These reactions were reported in abiotic (Deo et al. 1980, Malaiyandi et al. 1982, 
Willett et al. 1998, Walker et al. 1999) as well as in biotic environments under aerobic and 
anaerobic conditions (Benezet and Matsumura 1973, Vonk and Quirijns 1979, Huhnerfuss et 
al. 1992, Waliszewski 1993, Wu et al. 1997b, Walker et al. 1999, Phillips et al. 2005).  
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Abiotic degradation 
Abiotic degradation of HCHs involves base-catalyzed dehydrohalogenations (hydrolyses) and 
metal-mediated dihaloeliminations, whereat hydrolyses seems to be the preferred reaction by 
HCHs (S. L. Li et al. 2011). Conversion rates in hydrolyses reactions are determined by the 
number of anti-elimination options a HCH isomer exhibits (Hughes et al. 1953, Rodriguez-
Garrido et al. 2004). Hence, isomers with more initial anti-elimination options such as α-HCH 
and Ȗ-HCH are more readily degraded by hydrolyses. In contrast, ȕ-HCH can only carry out 
the unfavorable syn-elimination and therefore reacts slower. Initial intermediates of HCH 
hydrolyses are pentachlorocyclohexene (PeCCH) isomers. Subsequent hydrolyses lead to 
trichlorocyclohexene (TCB) isomers. Degradation of HCHs via dihaloeliminations in presence 
of metals or metal compounds such as Zn (Tsukano and Kobayash 1972), FeS (Liu et al. 2003), 
and even actives carbon (Mackenzie et al. 2005) yields tetrachlorocyclohexene (TeCCH) 
isomers as initial intermediates and can be utilized to synthesize derivatives of HCHs (S. L. Li 
et al. 2011). Another approach for abiotic dihaloeliminations involves electrochemical 
reduction of HCHs. Several authors suggested TeCCHs as initial intermediates (Beland et al. 
1976, Kulikov et al. 1996). 
 
Biotic degradation 
Biotic degradation of HCHs is carried out by microorganisms such as bacteria and fungi 
(Phillips et al. 2005, Quintero et al. 2008).  Aerobic and anaerobic conditions are the most 
commonly investigated degradation environments. Examined anaerobic environments 
comprise methanogenic, denitrifying and sulfate-reducing conditions (Bachmann et al. 1988). 
In general, biodegradation of HCHs yields lower chlorinated compounds such as PeCCH, 
TeCCH and chlorobenzene (CB). Under aerobic conditions, even complete mineralization can 
be observed (S. L. Li et al. 2011). Enantioselective degradation was reported (Pfaffenberger et 
al. 1994), but accumulation of one enantiomer may also possible due to preferred transport (D. 
Yang et al. 2010). Noteworthy, biotic degradation under real conditions (e.g. soil of a riverine 
wetland) is heavily governed by the organism and species-specific bioavailability (Reid et al. 
2000). Thus, results from lab experiments are not necessarily applicable. 
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Aerobic biotic degradation 
Numerous bacteria strains exhibit the ability to degrade isomers of HCH under aerobic 
conditions. Typical representatives belong to the bacteria family Sphingomonadaceae (Pal et 
al. 2005). Two enzymes expressed by these bacteria, LinA (dehydrochlorinase) and LinB 
(haloalkandehalogenase), are responsible for the initial steps of HCH degradation (Nagata et 
al. 1999, Suar et al. 2005, Raina et al. 2007, Bala et al. 2012, Geueke et al. 2013). These 
enzymes were also able to degrade the structurally similar hexabromocyclododecanes (Heeb 
et al. 2014).  
Degradation by dehydrochlorinases (LinA enzymes) requires trans-diaxial H-Cl pairs 
(Nagasawa et al. 1993), hence no activity towards ȕ-HCH was observed. Other isomers of 
HCH showed degradability by LinA enzymes. The initial degradation step is carried out by an 
elimination of HCl leading to PeCCH isomers as first intermediates. Subsequent eliminations 
yield lower chlorinated benzene derivatives. Degradation by haloalkandehalogenase (LinB 
enzymes) is carried out by elimination of HCl and addition of H2O. Intermediates from LinA 
conversions may also act as substrates for further degradation by LinB enzymes (Raina et al. 
2008). The combination of various, intervening degradation pathways by the enzymes LinA 
and LinB creates a large amount of metabolites of unknown additional toxicity (Bala et al. 
2012). 
 
Anaerobic biotic degradation 
HCHs are also degraded under anaerobic biotic conditions (Middeldorp et al. 2005, Phillips et 
al. 2005). In contrast to well-studied aerobic biotic degradations, investigations of anaerobic 
biotic degradation of HCHs could not identify the responsible enzymes yet (Bala et al. 2012). 
However, degradation pathways were proposed (Ohisa et al. 1980, Quintero et al. 2005). 
Dihaloeliminations were suggested as initial reactions. Thus, first reported intermediates from 
the degradation of α-, ȕ-, Ȗ-, and į-HCH consist of TeCCH isomers, although other studies 
observed PeCCH as well during the initial steps of α-, Ȗ-, and į-HCH degradation (Bhatt et al. 
2009). Nevertheless, dichloro- and monochlorobenzene were end products of the pathways. In 
addition, benzene was found as a degradation product of ȕ-HCH. 
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1.4 Aims and Overview of the Present Study 
This study aims at a better understanding of the environmental fate of industrial pollutants in 
riverine systems. Thus, the effects of the severe historic contamination of subaquatic sediments 
on adjacent riparian wetlands were investigated. In addition, to evaluate environmental 
processes leading to isomeric discrimination in detected patterns of HCHs as a particular group 
of industrial pollutant, lab experiments complemented analyses of environmental samples. 
Furthermore, detailed analysis of by-products of the industrial production of HCHs pointed to 
the possible source of the detected, severe pollution of the riparian wetland. Each chapter refers 
to a submitted publication (pre-reviewed version). 
 
1.4.1 Research Overview 
 
 Chapter 2: Quantitative analyses of organic pollutants in historic sediments of 
the Mulde River revealed a distinct influence of the megasite Bitterfeld-Wolfen 
on sediments downstream of the industrial area. A set of source-specific 
industrial pollutants was established characterizing emissions from the 
megasite. Quality and quantity of these organic compounds were compared to 
concentrations detected in more recent soils from an adjacent floodplain. The 
occurrence of most source-specific markers in soil could be observed, therefore 
demonstrating their applicability as potential environmental tracers for historic 
industrial pollution. In addition, detected concentrations in soil suggested an 
input of recently contaminated particulate matter, indicating contamination by 
secondary pollution pathways. Submitted to Water, Air, & Soil Pollution. 
 Chapter 3: Different isomer specific patterns of HCHs in several samples of the 
Spittelwasser creek, tributary to the Mulde River, and the adjacent floodplain 
were observed. Change in the isomeric distribution of HCH along the flow of 
the Schachtgraben canal suggested an isomer discriminating interaction with 
particulate matter. Furthermore, soil samples also showed isomer specific 
depletion of HCHs. Additional lab experiments supported the assumption that 
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isomeric discrimination during mobilization and transfer and transport 
processes lead to shifts in the isomeric patterns of HCH in the environment. 
Submitted to International Journal of Environmental Science and Technology. 
 Chapter 4: Additional chlorinated cyclohexane derivatives were detected in 
industrial HCH waste. While some compounds are known degradation products 
of HCHs, others are clearly by-products of the industrial synthesis process. 
These compounds were also detected primarily in soils of the adjacent 
floodplain and to a lesser extend in local sediment and water samples. Results 
from the comparison of isomeric patterns and contamination ratios suggested 
industrial HCH waste as primary pollution source. Thus, the application of one 
by-product of HCH production as tracer for an industrial emission was 
demonstrated. Submitted to Chemosphere. 
 
1.4.2 Investigation Area and Sampling 
 
Figure 4 Soil profile (left) - full scale indicates 30 cm, continuous line marks surface border, dotted 
lines mark border between visual distinguishable soil layers. Map of sampling area (right) – red dots 
indicate sampling point and associated sample number (see Table 2). 
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Sampling and samples described in this section were used in investigations in every subsequent 
chapters and were taken in cooperation with the BfG. Additional sampling of historic 
subaquatic sediments investigated in Chapter 2 is described within that chapter. 
The investigation area comprise the riverine system of the Spittelwasser creek and the adjacent 
Schachtgraben canal. In October 2012, environmental samples from several locations around 
the village Jeßnitz north of the megasite Bitterfeld-Wolfen were taken (see Figure 4, Table 2, 
and Table 12 in the appendix Chapter 7). To characterize the contaminated area, sampling 
included water samples, sediment samples, and soil samples from the riparian wetland. 
Table 2 Samples of the area Bitterfeld-Wolfen and their characterization by TOC and dry matter 
content. 
 Sample No. Description TOC [%] dry matter[%] 
     
p
a
rt
ic
u
la
te
 m
a
tt
e
r 
S1 sediment - outlet Schachtgraben 13.4 21.6 
S2 soil - riparian wetland 11.0 81.2 
S3 soil – sampling depth 0-6 cm 10.0 83.3 
S4 soil – sampling depth 6-24 cm 5.5 83.8 
S5 soil – sampling depth 24-30 cm 4.2 82.6 
S6 soil – sampling depth 30-40 cm 2.5 85.9 
S7 soil – sampling depth 40 cm 2.3 85.8 
S8 sediment – isolated pond 4.1 41.2 
w
a
te
r 
L1 outlet Schachtgraben   
L2 Spittelwasser near Jeßnitz   
L3 Schachtgraben prior joining Spittelwasser   
L4 Spittelwasser near riparian wetland   
L5 isolated pond   
  
W1 industrial HCH waste     
 
The approximately 3 km long Schachtgraben canal, set up to drain open cast pits and industrial 
waste water, currently drains water from dumps and other unknown sources located in the 
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former industrial area (Schmidt et al. 2008). This history of pollution by the chemical industry 
was shared with the Spittelwasser creek and affected and still affects the Mulde River and, 
further downstream, the Elbe River. 
Water samples were taken at five different locations. The beginning and the end of the 
Schachtgraben canal were represented by samples L1 and L3, respectively. Examination of 
this water body revealed water of a red-brownish color and a high quantity of suspended 
particulate matter, in particular at location L1. Iron hydroxide precipitation as the result of 
anaerobic mine water drainage can be assumed. Surface water of the Spittelwasser creek was 
taken at L2 prior to the confluence with the Schachtgraben canal, downstream of the 
Schachtgraben canal inflow at L4, and from a pond fed by flooding water of the Spittelwasser 
creek at L5. 
Subaquatic particulate matter of this riverine system was taken at S1, the beginning of the 
Schachtgraben canal. Additional fine grained subaquatic sediment in the Spittelwasser creek 
was not present during the sampling time (Jacobs et al. 2013). Hence, sediment samples from 
the small, isolated pond at S8, sporadically connected to the river, were taken. Subaquatic 
deposits of the related riverine systems are characterized by this sample. 
Alluvial soil samples were taken in proximity to the Spittelwasser creek. For batch desorption 
experiments sample S2 was taken from the upper 20 cm of a test pit. In addition, a soil profile 
from this riparian wetland was sampled to investigate depth dependent changes in pollutant 
concentration (samples S3 to S7). Samples were taken according to distinguishable layers 
(color, texture) as shown in Figure 4. Soil and sediment samples were analyzed for TOC and 
dry matter content (see Table 2). Particle size distribution was determined for two 
representative samples (see Table 13 in appendix Chapter 7). 
Water samples L1 to L5 were taken and stored in four 1 L glass flasks per sampling point at 
4°C in the dark. Soil profile samples S3 to S7 were stored in 250 mL glass flasks with Teflon 
lined screw caps. Sediment samples S1 and S8 and soil sample S2 were stored in sealable 
buckets. For comparison a sample of matured industrial HCH waste W1 was provided by local 
authority. This waste was deposited for a prolonged period (minimum since ceased production 
of technical HCH in Bitterfeld-Wolfen over 25 years ago). 
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1.4.3 Usage of External Data Sets and Assistance 
The following chapters partially contain external data sets. The usage of this data is notified 
hereby. In particular, sampling, qualitative and quantitative analyses of sediment samples of 
the Mulde River in 1993 and interpretation of the data was already described by Schwarzbauer 
(1997) (Chapter 2). Quantitative analyses of the soil profile of the riverine floodplain and the 
sediment sample at the Schachtgraben canal outlet were performed by Zöller (2013) within the 
scope of a master thesis supervised by the author (Chapter 3). In addition, complementary 
batch shaking experiments were conducted by Mathias Ricking, Free University Berlin 
(Chapter 3 and 4).  
Samples described in Chapter 1.4.2 were sampled in cooperation with representatives of the 
German Federal Institute of Hydrology and the Free University Berlin. One soil sample set 
discussed in Chapter 2 was provided by René Schwartz and Helga Neumann-Hensel. 
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2. Historical Deposition of Riverine Contamination 
on Terrestrial Floodplains as Revealed by 
Organic Indicators from an Industrial Point 
Source 
 
Abstract 
Environmental compartments of riverine systems are polluted by organic contaminants in 
particular as a result of industrial activity. Sediments and soils of conjunct floodplains can act 
as archives for long-term anthropogenic pollution. While some chemicals are prevalent, several 
compounds show source-specificity. Compounds closely related to industrial chemical 
processes comprise precursors, intermediates, by- and side-products. To better understand the 
environmental fate of such contamination in aquatic systems, we examined historic sediments 
of the Mulde River, a riverine system adjacent to the former industrial area Bitterfeld-Wolfen, 
Germany. This industrial complex produced a variety of chemical compounds between 1950 
and the late 1980s. Comparison with related, more recent soil samples from floodplains 
revealed the presence of these organic indicators (e.g. halogenated naphthalenes, 
tetrachlorothiophene, dichlorodiphenylsulfone, 1,1,1,2,2-pentachloroethylbenzene, 
chlorinated diphenylethers) in the uppermost soil layers even over 20 years after the general 
shutdown of industrial production. Concentrations of numerous non-source-specific pollutants 
such as DDT metabolites, chlorinated benzenes, and dinaphthyl sulfones were also elevated in 
most recent wetland soil layers. Generally, concentration profiles showed the highest 
concentration of compounds in the uppermost soil layer. With increasing soil depth 
concentrations decreased. Therefore, the results suggest a continuous input of source and non-
source-specific contaminations over secondary pollution pathways. These long-term pollution 
of the environment poses a threat to the quality of riverine systems. 
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2.1 Introduction 
Particle-associated pollutants constitute a major part of contamination in the aquatic 
environment. Hydrophobic and lipophilic properties restrict or inhibit certain environmental 
processes such as mobilization or bioavailability as a result of the linkage to soil and sediment. 
Accumulation of fine-grained sediments, which represent preferred adsorption domains for 
lipophilic contaminants, appears in low-energy areas of rivers establishing subaquatic 
sediment archives of particle-bound contaminations. Subsequent flood events transfer 
mobilized particles from these archives to adjacent riverine floodplains. Such terrestrial 
sediment archives are exposed to different environmental conditions as compared to subaquatic 
sediment matter such as elevated oxygen levels and light exposure. These changing conditions 
change substantially the environmental fate of particle-bound pollutants. 
Studies on fluvial sediment archives focused so far on preselected pollutants such as PCBs, 
dioxines, PAHs, and heavy metal ions (Heim and Schwarzbauer 2013), while more river 
specific contamination has been often neglected. In particular, industrial point sources like 
chemical plants release broad spectra of very specific pollutions into the environment. While 
certain emitted compounds are ubiquitous such as plasticizer, other pollutants like precursors, 
reactants, intermediates and byproducts of chemical syntheses have a high potential to act as 
specific indicators (Botalova et al. 2011, Dsikowitzky and Schwarzbauer 2014). Compounds 
achieving this criteria can be considered as indicators for emissions from this particular site 
and, therefore, have the potential to be used to follow these emissions along a river but also 
over time in sediment archives. 
A riverine system heavily contaminated by industrial emissions is the Mulde River, tributary 
to the Elbe River and situated in central Germany (Wilken et al. 1994, Wycisk et al. 2003). 
Floodplains and sediments of the Mulde River were subject to severe pollution by chemical 
plants located in an industrial complex near Bitterfeld-Wolfen especially between the mid and 
late 20th century. Historically, main products comprised synthetic fibers, photographic films, 
cellulose, dyes, ion exchangers, pharmaceuticals, plastics, various inorganic acids and 
numerous chlorinated compounds such as DDT and other pesticides. Although the majority of 
industrial production ceased around the time of the German reunification in 1990, their impact 
can still be detected in contamination of the aquatic environment even today. While the overall 
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water quality of the Elbe River improved significantly after German reunification (Adams et 
al. 2001), the Mulde River remains a major source of pollution (Heininger and Pelzer 1998). 
In particular the floodplains are known for their highly polluted status (Schwartz et al. 2006). 
 
Figure 5 Riverine system of the Mulde River and sampling locations M1 to M10 for sediment samples, 
and A and B for soil sample set A and set B sampled from floodplains downstream of Bitterfeld-Wolfen. 
Location of the industrial complex of Bitterfeld-Wolfen is indicated by the red circle. 
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Interpreting sediment archive data normally involves the comparison of historical pollution 
with contaminations of recent sediments. These two types of riverine particulate matter are not 
comparable in time and, therefore, their comparison does not allow a comprehensive view on 
the fate of the past pollution. For a better understanding, in particular of the environmental fate 
of pollutants after deposition in sediment archives in both subaquatic and terrestrial 
environments, this study aims at a comparison of sediment pollution and its fate for 
approximately 10 and 20 years. For this purposes, analytical results from Mulde River 
sediments of the beginning 90s are compared with sediment archives of corresponding riparian 
wetlands sampled and analyzed ten and twenty years later. For this purpose the examination 
of indicative and source-specific pollutants are a useful analytical tool. Hence, we focused on 
those pollutants that clearly pointed to the historical industrial emissions and tried to figure out 
how this contamination is still preserved in terrestrial sediment archives. 
 
2.2 Material and Methods 
 
2.2.1 Sample Material 
In October 1993 surface sediment samples M1 – M10 were taken from the Mulde River at 
various locations using a sampling grab (see Figure 5 and Table 3) and stored in clean 250 mL 
glass flasks with Teflon lined screw caps at 4°C in the dark. Soil layer samples (set A) derived 
from a Mulde River floodplain was kindly provided by R. Schwartz and H. Neumann-Hensel 
and was taken from various depth levels of a soil core at Jeßnitz in July 2004 (see Table 4). 
For information about sampling, storage etc. see Schwartz et al. (2006). In October 2012 a 
second set of soil layer samples (set B) was taken from various depths of a testing pit (see 
Table 4) located approximately 200 m of distance from the sampling location A representing 
the same floodplain area. For information about sampling, storage etc. see Chapter 1.4.2.  
 
2.2.2 Extraction and Fractionation 
Aliquots of 50 to 200 g of soil samples (set A) were extracted by sequential ultrasonic agitation 
with 50 mL of acetone, 50 mL of acetone/n-hexane (20 mL/30 mL), and 70 mL of n-hexane. 
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Each extraction step involved 15 min treatment by ultra-sonication followed by a 3 h (after 
first treatment) and 20 h (after second treatment) stirring period. The organic phase was 
separated from the dispersed solid material by centrifugation. The organic extracts were 
combined in a separating funnel, subsequently concentrated to a volume of approx. 5 mL by a 
rotary evaporator at ambient temperature and then dried by filtration over anhydrous sodium 
sulfate. After further concentration to approx. 1 mL activated copper powder was added and 
the sample was treated by ultrasonic agitation for 15 min and left overnight in a refrigerator. 
 
Table 3 Sediment sample locations M1 to M10 in the Mulde River. 
Sample Location 
M1 Halsbach 
M2 Maarschwitz 
M3 Glauchau 
M4 Sermuth 
M5 Kössern 
M6 Canitz 
M7 Pouch 
M8 Raghun 
M9 Dessau-Törten 
M10 
Dessau, before joining Elbe 
River 
 
Table 4 Sampling depth of the analyzed soil sets A (2004) and B (2012). 
Sample Depth [cm] 
A1 0-10 
A2 10-20 
A3 20-30 
A4 30-60 
A5 60-80 
A6 80-100 
A7 100-120 
    
B1 0-6 
B2 6-24 
B3 24-30 
B4 30-40 
B5 40-45 
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Soil samples of set B were extracted in dimensions of 10 g via high speed dispersion (IKA T18 
basic Ultra-Turrax) stepwise with 30 mL acetone, 2x 30 mL acetone/n-hexane 1:1 (v/v) and 
2x 30 mL n-hexane. After each extraction step the organic phase was separated from the 
dispersed solid sample by centrifugation. The organic extracts were combined in a separating 
funnel and the aqueous phase was removed after the last extraction step. The remain organic 
solvent was concentrated to approx. 5 mL by rotary evaporator at ambient temperature and 
then dried by filtration over anhydrous sodium sulfate. After further concentration to approx. 
1 mL activated copper powder was added and the sample was treated with ultrasonic sound for 
15 min and then left overnight in the refrigerator.  
All raw extracts from soil samples were fractionated using SPE glass micro columns 
(Bakerbond) packed with approx. 2 g dried activated silica gel as stationary phase. The 
fractionation was carried out by the stepwise application of 5 mL n-pentane, 8.5 mL n-
pentane/DCM 95:5 (v/v), 5 mL n-pentane/DCM 90:10 (v/v), 5 mL n-pentane/DCM 40:60 
(v/v), 5 mL methyl acetate (only soil set A), 5 mL DCM (only soil set B), and 5 mL acetonitrile 
(only soil set A) or 5 mL MeOH (only soil set B) as mobile phase. For quantification 50 µL of 
a surrogate standard mixture consisting of deuterohexadecane (6.0 ng/µL) and either 
deuterochrysen (4.7 ng(/µL) and deuteroanthracene (5.1 ng/µL) for soil set A or 
fluoroacetophenone (7.2 ng/µL) and decafluorobenzophenone (7.0 ng/µL) for soil set B was 
then added to each sample of fraction 1 – 5. To the last fraction, 200 µL of another surrogate 
standard mixture consisting of fluoroacetophenone (7.2 ng/µL), decafluorobenzophenone (7.0 
ng/µL) and difluorophenylacetic acid (5.0 ng/µL) was added. Fractions were finally 
concentrated to 50 µL at ambient temperature.  
Extraction of sediment samples and subsequent fractionation of raw extracts were described 
previously (Franke et al. 1998). 
For quantification of sediment extracts a surrogate standard mixture consisting of 
deuteronaphthalene (3.3 ng/µL), deuterofluorene (3.3 ng/µL), deuteropyrene (4.5 ng/µL), 
deuterobenz(a)anthracene (3.0 ng/µL) and deuteroperylene (3.0 ng/µL) was added to each 
sample fraction. The fractions were then concentrated to 50 µL at ambient temperature.  
Each extract of the 6th fraction was derivatized by adding approx. 0.5 mL of a methanolic 
diazomethane solution to the ice-cooled fraction. 
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2.2.3 Gas Chromatographic Mass Spectrometric Analyses, GC/MS 
GC/MS analyses of soil samples were carried out on a double-focusing sector field mass 
spectrometer Finnigan MAT 95 (Finnigan MAT, USA) linked to a Modell 5890 Series II gas 
chromatograph (Hewlett Packard, USA) equipped with a 30 m x 0.25 mm i.d. x 0.25 µm ZB-
1 fused silica capillary column (Phenomenex Inc., USA). The following chromatographic 
parameters were used: 1 µL split/splitless injection (splitless time 60s, injector temperature 
270°C) at 60°C, 3 min hold, 5°C/min to 310°C, helium carrier gas velocity 30 cm/s, source 
temperature held at 200°C. The mass spectrometer operated in electron impact ionization mode 
(EI+, 70 eV) in low resolution scanning from 35-700 amu at a rate of 1.0 scans/decade and an 
interscan time of 0.1 s. 
Qualitative GC/MS analysis of sediment samples was carried out by a double-focusing sector 
field VG 70-250 SE mass spectrometer (VG Analytical Ltd. Manchester, UK) linked to an HP 
5890 gas chromatograph (Hewlett-Packard, Palo Alto, USA) with a 30 m x 0.25 mm i.d. x 0.25 
µm film DB-5 fused silica capillary column (J&W Scientific, Folsom, CA, USA. The 
following chromatographic parameters were used: 1 µL on column injection at 50°C, 3 min 
hold, 3°C/min to 300°C, helium carrier gas velocity 25 cm/s. Low resolution mass spectra were 
recorded at 1000 resolution in electron impact ionization mode (EI+, 70 eV) with a source 
temperature of 200°C and scanned from 500 to 35 amu at a scan speed of 1 s/decade with an 
inter-scan time of 0.2s.  
Quantitative GC/MS analysis of sediment samples were performed on a quadrupole mass 
spectrometer HP 5985 linked to an HP 5890 gas chromatograph (Hewlett-Packard, Palo Alto, 
USA) using a 30 m x 0.28 mm i.d. x 25 µm film MXT-5 fused silica lined steel capillary 
column (SGE GmbH, Weiterstadt, D) under the conditions described above. 
 
2.2.4 Identification and Quantification 
Organic compounds were identified by comparing retention times and mass spectrum with 
those of synthesized or commercially available reference material, as well as with mass spectra 
of databases. Compounds were quantified by integration of certain characteristic ion 
chromatograms (see Table 14 in appendix Chapter 7.1.2). Mass spectra of selected, so far 
Historical Industrial Contamination Traced by Organic Indicators 
 
 
30 
 
unknown environmental contaminants are given in the appendix Chapter 7.1.1 (Figure 20 to 
Figure 25). Quantification was carried out by an external four-point calibration using structural 
similar reference compounds. For correction of injection volume and sample volume 
inaccuracies the results were corrected by the surrogate standards. Recovery rates were 
determined by extraction of pre-extracted sediment samples spiked with reference compounds 
and subsequent extraction and fractionation as described above. Recovery rates were 
considered for reported quantitative data. All data are given on dry matter basis. 
 
2.2.5 Synthesis of Reference Material 
Syntheses of reference material were conducted by Schwarzbauer (1997). Reference material 
of substances commercially not available was mainly synthesized by the use of standard 
synthesis steps like Friedel-Crafts acylation, Grignard reactions or reduction with LiAlH4. 
Briefly, mono-, some di-, tri and tetrachlorinated triphenylmethanes were synthesized by the 
Grignard reaction followed by reduction. Other mono- and dichlorinated triphenylmethanes 
were synthesized by acylation. Mono-, di-, tri- and tetrachlorinated diphenylmethanes were 
synthesized by reduction. One synthesis of a dichlorinated diphenylmethane was carried out 
by the Grignard reaction followed by a reduction. Monochlorinated diphenylethers were 
synthesized via a Williamson ether synthesis whereas the synthesis of polychlorinated 
diphenylethers and also of a dichlorinated diphenylsulfide was carried out via iodonium salts. 
Further sulfur-containing compounds and other chloro organic benzene derivatives have been 
synthesized by specific synthesis (Schwarzbauer 1997). Synthesis of congener mixtures from 
various chlorinated compounds was carried out by unselective chlorination. 
 
2.3 Results and Discussion 
 
2.3.1 Historical Pollution of Mulde River Sediment 
Non-target screening analyses of sediments samples of the Mulde River sampled in 1993 
revealed a diverse mixture of organic pollutants dominated by sulfonic acid esters and a high 
structural diversity in halogenated compounds. A detailed list of identified substances arranged 
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according to their structural properties are presented in the appendix Chapter 7.1.2 Table 15. 
Samples M1-7 represent the upper Mulde River not influenced by the industrial area of 
Bitterfeld-Wolfen, while samples M8 to M10 represent the highly contaminated lower part till 
the confluence in the Elbe River. Comparisons between these two river sections allowed an 
identification of specific indicators characterizing the local contamination emitted by the 
former industrial complex. 
Sample points M8 to M10 downstream of the chemical industrial area of Bitterfeld-Wolfen 
exhibited elevated concentrations in numerous compounds such as halogenated 
monoaromatics and pesticides compared to sample points M1 to M7 situated further upstream. 
Thus, these elevated concentrations reflect local emissions caused by former industrial 
production. 
In more detail, compounds with potential to act as emission indicators were classified 
according to their concentration behavior prior and after the industrial emissions entered the 
river system. Compounds not detected in sediment samples upstream of sample point M8 but 
identified in M8 to M10 are likely to be emitted by the local emissions and characterized to be 
strong indicators for the industrial impact. They exhibit a high source-specificity. Typical 
compounds with such source-specificity can be attributed to precursors, reactants, 
intermediates and byproducts of chemical syntheses, hence represent typical industrial waste 
water constituents. 
A second group of pollutants were detected already upstream of sample point M8, but showed 
elevated concentrations downstream, indicating additional influx from the local emission 
source and are characterized to be moderate indicative for the industrial impact. 
Representatives of this group like pesticides, flame retardants, surfactants and detergents are 
typical industrial products but can also occur in non-industrial related waste waters as the result 
of usage in e.g. agriculture and households. Compounds not detected prior to M8 and detected 
thereafter but with concentrations below the limit of quantification also belong to this group, 
but are not discussed further on. 
Lastly, various compounds showed no elevated concentrations in samples M8 to M10 and are 
therefore non-indicative/weak indicative for the industrial impact in this area. 
Qualitative and quantitative results are presented in the following but the discussion is focused 
dominantly on strong indicative compounds and moderate indicators with elevated 
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concentrations. These indicators are discussed within their respective categories according to 
quantity and structural properties. A list of all organic pollutants detected in the sediment 
samples can be found in the appendix Chapter 7.1.2 (Table 15). 
 
Strong indicators 
Strong indicators identified in sediment samples downstream of the industrial area and their 
detected concentration ranges are shown in Table 5. Chemical structures of selected strong 
indicative compounds are shown in Figure 6. Additional chemical structures of detected 
compounds are illustrated in the appendix Chapter 7.1.1 (Figure 17 to Figure 19). 
 
Figure 6 Chemical structure of selected strong indicators of industrial impact in sediments M1-M10 
of the Mulde River: a tetrachlorothiophene, b 4,4’-methoxychlor, c 1,1,1,2,2-pentachloroethylbenzene, 
d O,O,S.trimethyl dithiophosphate. These compounds were not detected in sediment samples of the 
Mulde River upstream of an industrial area (M1-M7). 
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The chlorinated pesticide methoxychlor exhibited high concentrations of up to 1200 ng/g 
predominating this group of indicators. Chlorinated sulfur-containing compounds constitute 
the second largest group of pollutants, comprising tri- and tetrachlorothiophenes with 
concentrations of up to 160 ng/g, rarely described in previous environmental studies, as well 
as dichlorodiphenylsulfide (up to 360 ng/g) and its oxidized derivate dichlorodiphenylsulfone 
(up to 200 ng/g). Various chlorinated carbonyl compounds, used as reactants in chemical 
processes, were detected additionally. 1-(4-chlorophenyl)prop-2-en-1-one, 4-
chloropropiophenone and 1-(4-chlorophenyl)-3-methoxypropan-1-one exhibited 
concentrations of up to 370 ng/g, 29 ng/g and 150 ng/g upstream of the industrial area, 
respectively. To our knowledge, these compounds were not considered as environmental 
pollutants so far. Some halogenated monoaromatics exhibited strong indicative behavior. 
Bromochlorobenzene, a reactant in the Grignard reaction, was detected in low concentrations 
of up to 31 ng/g. Isomers of chlorinated toluenes, reactants for various industrial chemicals 
such as dyes and pesticides, were detected up to 82 ng/g in river sediments downstream of the 
industrial area. Another group of compounds represented historical production of plastics and, 
therefore, are also source-specific. The polymer precursors bis(chloromethyl)benzenes were 
detected with concentrations of up to 170 ng/g, while the plasticizer 1,1,1,2,2-
pentachloroethylbenzene was detected in low concentrations of up to 33 ng/g. Compared to 
the aforementioned chlorinated sulfur-containing compounds other strong indicative non-
chlorinated sulfur-containing pollutants exhibited lower concentrations in the sediment 
samples. Di-4-tolylsulfate was detected in concentrations of up to 100 ng/g as well as the 
byproduct diphenyl sulfones (up to 29 ng/g) and the dye intermediate 4-aminophenylsulfonic 
acid phenylester (up to 26 ng/g). 
As a next group of strong indicative substances, some halogenated aromatic hydrocarbons 
were detected with a wide structural diversity. Halogenated naphthalenes used as solvent, 
plasticizer, flame retardants as well as wood preservation agents have been determined in 
sediments of the Mulde River with various concentrations. Mono- and dichlorinated 
naphthalenes exhibited low concentrations of up to 57 ng/g predominated by 1,4-
dichloronaphthalene and 1-chlornaphthalene (13 ng/g). Other representatives of halogenated 
naphthalenes such as bromonaphthalenes showed lower concentrations of up to 8 ng/g. Higher 
chlorinated naphthalenes were also detected previously in sediment samples of the Mulde 
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River (Brack et al. 2003). Chlorinated di- and triphenylmethanes exhibited concentrations of 
up to 130 ng/g. Detailed information regarding this compound group in the Mulde River have 
already been published (Schwarzbauer et al. 1999) and will therefore not be discussed further.  
Only one phosphorous-containing compound O,O,S-trimethyl dithiophosphate with an 
concentration of up to 160 ng/g fulfilled the criteria for strong indicators as does the 
halogenated aliphatic hexachlorobutadiene (up to 15 ng/g). Chlorinated diphenylethers 
constituted the last group of strong indicators found in sediments of the Mulde River. 
Monochlorinated isomers were detected up to 18 ng/g, dichlorinated isomers up to 30 ng/g, 
trichlorinated isomers up to 240 ng/g and tetrachlorinated isomers up to 7 ng/g downstream of 
the industrial area. 
 
Table 5 Classification of pollutions detected in Mulde River sediment samples influenced by the 
industrial area with regards to their industrial origin. Given values are concentration range c [ng/g] and 
indicate occurrence above limit of quantification in sediment samples M8-M10 downstream of the 
industrial area. Compounds may belong to multiple chemical families (e.g. nitrogen and sulfur-
containing compounds) but are only listed once. 
strong indicators 
 compounds concentration compounds concentration 
Halogenated hydrocarbons 
Hexachlorobutadiene 6-15 Mono-/dichloronaphthalenes (8 isomers) 1-57 
Bromochlorobenzene 3-31 Bromonaphthalenes (2 isomers) 1-8 
Di- and trichlorotoluenes (5 isomers)  6-82 Mono- to tetrachlorodiphenylmethanes  0.5 - 68 
Bis(chloromethyl)benzenes (3 isomers) 29-170 Mono- to tetrachlorotriphenylmethanes 0.5 - 130 
1,1,1,2,2-Pentachloroethylbenzene 9-33   
    
Oxygen-containing compounds 
1-(4-Chlorophenyl)prop-2-en-1-one 76-370 1-(4-Chlorophenyl)-3-methoxypropan-1-one 29-150 
4-Chloropropiophenone 4-29 Mono- to tetrachlorodiphenylethers 0.5-240 
    
Chlorinated pesticides and metabolites Phosphorous-containing compounds 
Methoxychlor (2 isomers) 7-1200 O,O,S-Trimethyl dithiophosphate 10-160 
    
Sulfur-containing compounds 
Diphenyl sulfone 13-29 Tri- /tetrachlorothiophenes (3 isomers) 14-160 
4-Aminophenylsulfonic acid phenylester 8-26 4,4´-Dichlorodiphenylsulfide 200-360 
Di-4-tolylsulfate 46-100 4,4´-Dichlorodiphenylsulfone 110-200 
    
moderate indicators 
 compound concentration compound concentration 
Halogenated hydrocarbons 
Hexachloroethane  Trichloropropylbenzene (1 isomer)  
Pentachlorobutadiene (1 isomer)  Bis(chloromethyl)xylol (1 isomer)  
Tri- /tetrachlorobenzene (6 isomers) 11-340 Bis(chloromethyl)tetramethylbenzenes (3 isomers)  
Penta-/hexachlorobenzene 17-590 (1-Chloro-2-chloromethyl-3-methoxypropyl)benzenes (2 isomers)  
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Dichloroxylene (1 isomer)  Tetra- /Hepta-/Octachlorostyrene (3 isomers)  
Dichloroethylbenzene (1 isomer)  Dibromonaphthalenes (2 isomers)  
Trichlorotrimethylbenzene (1 isomer)  Mono- to trichlorobiphenyls (12 isomers)  
    
Oxygen-containing compounds 
Di-/trichlorophenols (3 isomers)  4-Chloroacetophenone  
Di- to pentachloroanisole (5 isomers) + -160 Di- /trichlorohydroxydiphenylether (2 isomers)  
Tetrachloroveratrole (1 isomer)    
    
Chlorinated pesticides and metabolites 
HCHs (4 isomers) 3-630 DDCN (2 isomers) 60-280 
DDMU (2 isomers) + -29 Dichlorobenzophenones (2 isomers) 8-510 
DDE (2 isomers) 14-560 1-(2-Chlorophenyl)-1-(4-chlorophenyl)ethene  
DDMS (2 isomers) + -17 1,1-Bis(4-chlorophenyl)ethene  
DDD (2 isomers) 50-3500 4,4´-MDE   
DDT (2 isomers) 150-1100 4,4´-MDD   
4,4´-DDA-Methylester     
    
Nitrogen-containing compounds 
N,N-Methylphenylaniline  N-Ethyl-N-phenylformamide 9-19 
N-Phenylnaphtylamine  Nitrobenzene 16-20 
Mono- to trichloroaniline (5 isomers)  4-Ethylnitrobenzene 13-210 
Chloronitroaniline (1 isomer)  Mono- /dichloronitrobenzenes (3 isomers)  
N-(2-Chloroethyl)-N-ethylaniline  Dicloran, 2,6-Dichloro-4-nitroaniline 11-220 
N,N-Bis(2-chloroethyl)aniline  Nitrofen 16-290 
    
Phosphorous-containing compounds 
O,O,O-Trimethyl thiophosphate  Triphenyl phosphate 22 
Tributyl phosphate 50-94 Methylparathion  
Trioctyl phosphate (1 isomer)  Dimethoate  
    
Sulfur-containing compounds 
Diphenyl sulfide 7-17 Dodecyl- to Heptadecylsulfonic acid cresylester 800-9600 
Ditolyl sulfones (3 isomers) 22-53 4,4´-Dichlorodiphenylsulfoxid + 
Dinaphthyl sulfones 590-1100 Fenson 4-22 
Tridecyl- to octadecylsulfonic acid phenylester 4500-34000   
    
weak/non- indicators 
 compound concentration compound concentration 
Halogenated hydrocarbons 
Mono- /dichlorobenzene (4 isomers)  2-Benzyl-4-chlorobenzene  
    
Oxygen-containing compounds 
2,4-Dichlorobenzaldehyde  2,4-Dichlorobenzoic acid (m)  
4-Chlorobenzoic acid (m)    
    
Nitrogen-containing compounds 
N-Ethylaniline  N-Acetylpiperidine  
N-Methylpyrrolidone  N-Ethyl-N-phenylacetamide  
N-Formylpiperidine  2-Methylthiobenzothiazole  
    
Phosphorous-containing compounds Sulfur-containing compounds 
Tritolyl phosphate  Chlorfenson   
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Moderate indicators 
Typical concentration trends of moderate indicators in sediment samples of the Mulde River 
and the industrial areas’ impact are shown in Figure 7. The concentration profile showed low 
values upstream of the industrial area and significant increase downstream. 
The group of moderate indicators were predominated by sulfonic acid esters. Aryl esters of 
alkylsulfonic acids are commonly used as detergents and surfactants. Isomers of these esters 
were detected up to 7400 ng/g prior to the industrial area. Concentrations increased up to 34000 
ng/g after the industrial area. In-depth analyses of this compound group were already published 
by Franke et al. (1998) and will therefore not be discussed further. 
Chlorinated pesticides and their metabolites constituted the second largest group of moderate 
indicators, comprising isomers of HCHs, DDT and its metabolites. Isomers of HCH and DDT 
were detected with concentrations of up to 100 ng/g and 460 ng/g upstream of the industrial 
area, respectively. Concentrations increased to up to 630 ng/g for HCH and up to 1100 ng/g 
for DDT as consequence of industrial emissions. A similar concentration profile was detected 
for all DDT metabolites, with highest values of up to 3500 ng/g for the main anaerobic 
metabolite DDD. 
Besides aforementioned aryl esters of alkylsulfonic acids, other sulfur-containing compounds 
also exhibited moderate indicative behavior. Dinaphthyl sulfones (already described as 
industrial pollutants) showed an increase in concentration from 190 ng/g to up to 1100 ng/g 
and were already target of a previous study (Schwarzbauer and Franke 2003). Further moderate 
indicative compounds were diphenyl sulfide (up to 17 ng/g), the pesticide fenson (up to 22 
ng/g) and ditolyl sulfones (up to 53 ng/g).  
Moderate indicative hydrocarbons included certain higher chlorinated monoaromatics such as 
trichlorobenzenes, tetrachlorobenzenes as well as pentachlorobenzene and hexachlorobenzene. 
Measured concentrations increased to up to 590 ng/g as result of emissions from the industrial 
area. These compounds have been proposed as potential organic markers of the Elbe River in 
the German Bight (Schwarzbauer et al. 2000).  
Increasing concentrations after the industrial influence were also detected for certain nitrogen-
containing compounds such as the pesticides nitrofen and dicloran, the chemicals nitrobenzene, 
4-ethylnitrobenzene and N-ethyl-N-phenylformamide, as well as the phosphorous-containing 
compounds triphenyl phosphate and tributylphosphate. 
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Furthermore, chloroanisols stemming from the degradation of wood preserving compounds 
and pesticides were detected in low concentrations upstream the industrial area and showed 
elevated concentrations further downstream. 
 
 
Figure 7 Chemical structures and trend of concentration of two selected moderate indicators for 
industrial impact on Mulde River in sediments: a hexachlorobenzene, b DDCN. Both compounds were 
detected in low concentrations upstream of the industrial area (M1-M7) and in high concentrations 
downstream (M8-M10). Grey area indicates samples influenced by the industrial area. 
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2.3.2 Floodplain Samples 
Due to drastic scale backs in chemical production and shift in portfolio at the industrial 
complex Bitterfeld-Wolfen after the German reunification in 1990, as well as the introduction 
of new waste water treatment facilities and methods, continuous primary emission of formerly 
typical industrial pollution ceased. Therefore, last emissions from these specific industrial sides 
as represented by the described indicators took place in early the 90s of the last century. As a 
result, present specific contaminations of sediments and soils can be contributed to past 
pollutions and subsequent sustained effluent from contaminated sides like landfills and waste 
deposits. Thus, a comparison between sediments from 1993 and soil samples from adjacent 
riverine floodplains after approximately 10 and 20 years allows assessment of the current 
impact of Mulde River derived specific contaminations and the behavior of associated 
contaminants after transport to terrestrial floodplains. In a previous study by Schwartz et al. 
(2006) the upper 30 cm of an examined soil core of this floodplains was found to be influenced 
by anthropogenic pollutants according to their Corg and Corg/Ntot values. In addition, detected 
concentrations of DDD as an anthropogenic marker (Gotz et al. 2007) suggests dating the 
bottommost layer contaminated by DDD to the middle of the 20th century, beginning of DDT 
production in this area, which lasted till 1970 (Gotz et al. 2007, Wycisk et al. 2013). Assuming 
somewhat constant sedimentation rates onto riverine floodplains, 30 cm of accumulated soil 
forms a terrestrial sediment archive of the last 60 years. Therefore, the upper layer 0-10 cm 
can be dated as sediment originating from the last 20 years. This upper layer represent the 
contamination after shut-down of the major industrial productions of this industrial complex. 
Analyses of the two sets of floodplain soil samples A (1-7; sampled in 2004) and B (1-5; 
sampled in 2012) revealed a dominance of chlorinated pesticides including their metabolites 
and halogenated monoaromatics. In addition, most of the postulated strong indicators for 
industrial impact (see Table 5) were present in either one sample set or both. Moderate 
indicators were also detected but will only be discussed in less detail. A list of detected organic 
pollutants in both soil sample sets can be found in the appendix Chapter 7.1.2 (Table 16). 
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Strong indicators 
In general, source-specific indicators were detected primarily in the upper soil layers of both 
soil sample sets. Rapidly decreasing concentrations with depth lead to the detection of these 
compounds solely in the upper two (20 cm depth) or upper three soil layers (30 cm depth) in 
soil set A and B, respectively. The deeper soil layers correlate with the activity of the industrial 
complex at Bitterfeld-Wolfen, whereas the topmost soil layer is linked to recent particulate 
matter deposited after its shutdown. 
Methoxychlor as a strong indicator was detected in both sample sets. Concentrations reaching 
up to 170 ng/g in sample set A and 810 ng/g in sample set B for β,4’-methoxychlor and up to 
5800 ng/g for 4,4’-methoxychlor in sample set B, levels of concentration were comparable to 
levels found in sediment samples although sample set B showed elevated concentrations of 
4,4’-methoxychlor. Thus, neither substantial accumulation nor depletion during transport of 
river sediment to terrestrial floodplains was suggested. δower concentrations of β,4’-
methoxychlor, partially below the limit of detection, in deeper soil layers of both sample set 
might be the result of different transport or depletion processes. 
Other strong indicative compounds detected in similar concentrations in both sets of soil 
samples and also exhibiting similar high concentrations as compared to the river sediments 
samples were hexachlorobutadiene (2-22 ng/g in soil, 6-15 ng/g in sediment), trichlorotoluene 
(21-81 ng/g in soil, 6-26 ng/g in sediment), and tetrachlorothiophene (120-330 ng/g in soil, 66-
160 n g/g in sediment). 
Another group of strong indicative compounds showed slightly deviating concentrations in 
either one or both soil sample sets compared to their concentrations in the sediment samples. 
Dichlorotoluene showed a comparable concentration in soil sample set A with 64 ng/g, but was 
detected in soil sample set B only in the second soil layer with a low concentration of 2 ng/g. 
Similarly, 4,4’-dichlorodiphenylsulfone exhibited by a factor of four lower concentrations in 
both soil sample. Trichlorothiophene showed an elevated concentration of 670 ng/g in soil set 
A and was only detected in the second and third soil layer of soil set B with a lower 
concentration of 3 ng/g. 
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In contrast, the concentration of 1,1,1,2,2-pentachloroethylbenzene of up to 1100 ng/g was 
elevated by a factor of 30 in soil set B, while its concentrations in soil set A was comparable 
to the sediment samples. Other compounds showed a similar behavior. Dichloronaphthalene 
and dichlorodiphenyl sulfide exhibited elevated concentrations in either one or both soil sets 
compared to sediment samples. 
Strong indicative compounds detected only in one of the analyzed soil sample sets were 
bromochlorobenzene (31 ng/g), bis(chloro)methylbenzene (10 ng/g), and diphenyl sulfone (up 
to 1247 ng/g) in soil set A, and chloronaphthalene (up to 290 ng/g) in soil set B. Compounds 
in this group were either detected with concentration values comparable to sediment samples 
(bromochlorobenzene), with elevated concentrations (chloronaphthalene, diphenyl sulfone) or 
in lower concentrations (bis(chloro)methylbenzene). 
Detected neither in soil sample set A nor in set B were the carbonyl compounds 1-(4-
chlorophenyl)prop-2-en-1-one, 4-chloropropiophenone, and 1-(4-chlorophenyl)-3-
methoxypropan-1-one, bromonaphthalene, the ethers mono- to tetrachlorodiphenylether, 
O,O,S-trimethyl dithiophosphate, and the sulfur-containing compounds 4-
aminophenylsulfonic acid phenylester and di-4-tolylsulfate.The absence of these compounds 
in the soil samples may be the result of a lower persistence due to changing environmental 
conditions such as oxygen level or sun light exposure. More polar compounds may also be 
subject to faster depletion as a result of their higher mobilization potential. Finally, compounds 
detected already in low concentrations in sediments may appear in soil below the limit of 
quantification. 
 
Moderate indicators 
DDT and its metabolites constituted the predominant fraction of the analyzed compounds in 
sample set B with concentrations of up to 160 µg/g of 4,4’-DDT (β0 µg/g β,4’-DDT), up to 14 
µg/g of 4,4’-DDD (14 µg/g β,4’-DDD) and up to 44 µg/g of DBP. Further DDT-metabolites 
were also detected but in lower concentrations. In contrast, sample set A showed lower 
concentrations of DDT and its metabolites of up to 1600 ng/g of 4,4’-DDT (β8 ng/g β,4’-DDT), 
up to 1β0 ng/g of 4,4’-DDD (γ ng/g β,4’-DDD) in the topmost soil layer and up to 590 µg/g 
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DBP in the subjacent soil layer. While concentrations of DDT derivatives in soil A were 
comparable or lower than concentrations found in the sediment samples, soil B exhibited 
elevated concentrations. This observation might be attributed to elevated emissions of DDT 
related contaminants between 2004 and 2012 as both sampling sides located relatively close to 
each other. Enhanced emissions of pollutants may occur due to digging operations in the 
drainage area upstream as well as major flood events. 
HCHs were also detected in high concentrations in both soil sample sets. With values reaching 
20 µg/g, both samples sets showed elevated concentrations by a factor of 100 as compared to 
the sediment samples. HCH concentrations in the first layer of soil set A were lower than to be 
expected from previous findings (Schwartz et al. 2006). 
A ‘geotropic’ transfer (processes correlated with gravitation e.g. percolation) of HCHs in 
deeper parts of the soil set A described in a previous study (Schwartz et al. 2006) was also 
observed in soil set B.  
Other moderate indicators were chlorinated benzenes, in detail trichloro- to 
hexachlorobenzenes. Upper soil layers of sample set A showed concentration values of up to 
1400 ng/g (1,2,4-trichlorbenzene), therefore of elevated levels compared to sediment samples 
M8-M10. An exceptionally elevated concentration of 6900 ng/g was measured for 
hexachlorobenzene in soil layer A2. Concentrations of chlorinated benzenes in soil sample set 
B exceeded values reached in soil sample set A and sediment samples by a factor of around 
ten and, in case of hexachlorobenzene by a factor of 60. For this compound group, decrease in 
concentration with increasing soil depth were overall comparable in both soil sample sets. 
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Figure 8 Concentration profiles of three selected contaminations, the strong indicator dichlorodiphenyl sulfide, as well as the moderate indicators 
4,4’-DDD and tetrachlorobenzene (1,2,3,4), in foodplain samples soil A and soil B of the Mulde River. Colored areas indicate corresponding 
concentration ranges in sediment samples downstream of the industrial area. Estimated age of soil layers are indicated by dashed lines. Phases of 
production at the industrial complex are marked by time periods: pre active prod. (before ~1950), active production (~1950 to 1990), post active 
prod. (after German reunification 1990). 
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Trends in concentrations 
Comparing concentrations of detected anthropogenic pollutants in both soil profiles of riverine 
floodplains revealed a general trend of decreasing concentrations with increasing soil depth 
(see Figure 8). Highest concentration of pollutants are generally found in the uppermost soil 
layer representing a time period after the main peak of production at the industrial complex 
between the early 1950s and the late 1980s. Thereafter, subjacent soil layers dated to the main 
production period of the industrial complex exhibited logarithmic decrease in concentration 
with either a rapid decrease (see Figure 8: dichlorodiphenyl sulfide) typically shown by strong 
indicator, or a slower decrease (see Figure 8: tetrachlorobenzene), which can occasionally be 
interrupted by soil layers of elevated concentrations (see Figure 8: 4,4’-DDD). Deeper soil 
layers dated to a time period prior to enhanced industrial activities showed minimal pollution 
except for isomers of HCHs. A distinctive long-term persistence was shown by several 
compounds such as chlorinated benzenes and pesticides. Particulate matter bound pollutants 
lasted in floodplains and were still able to be found after ten and twenty years in upper soil 
layers, respectively. Furthermore, concentrations of compounds were unanticipated high. 
Assuming the uppermost layer to be approximately ten years old, this behavior can likely be 
explained by input of recently contaminated particulate matter onto the floodplains. As 
chemical productions in the adjacent industrial areas were scaled down considerably and 
shifted towards other products in the past, pollution by primary sources can be excluded. 
Therefore, inputs from secondary sources like continuous effluents from old waste deposits 
can be assumed. Noteworthy, investigations of floodplains of the Elbe River downstream of 
its tributary Mulde River revealed high concentrations of organic pollutants such as DDT 
metabolites, HCHs, and polychlorinated dibenzo-p-dioxins and dibenzofurans, which were 
attributed to the Bitterfeld-Wolfen region (Gotz et al. 2007). Wetland samples from the Elbe 
River downstream of Hamburg also showed high concentrations of organic pollutants such as 
hexachlorobenzene, DDT metabolites, and octachlorostyrene (Witter et al. 1998) 
demonstrating the high importance of the industrial contamination derived from the Bitterfeld-
Wolfen area. In contrast to our findings, trends of concentrations in these floodplains indicated 
a higher pollution in deeper soil layers while the uppermost soil layer exhibited lower pollutant 
concentrations. However, in a further study concentration of organic contaminants in wetland 
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samples showed patterns comparable to our results (Witter et al. 2004). Obviously, organic 
contamination patterns in soils of riverine floodplains tend to exhibit a broad variability. 
 
2.4 Conclusion 
A set of industrial source-specific organic indicators pointing to emissions from a former 
chemical industrial complex was established by analyzing past pollutions. The approach 
covered the comparison of specific organic pollutants and their concentrations in adjacent river 
sediments upstream and downstream of the industrial area. These compounds illustrate a period 
of industrial pollution between the early 1950s and 1990. Strong indicators of an industrial 
impact on the river sediment, only detected downstream of the industrial area, were closely 
connected to chemical processes e.g. precursors, intermediates and by-products of chemical 
syntheses. Moderate indicators, detected with elevated concentrations downstream compared 
to their upstream concentrations, were more widespread compounds such as pesticides and 
flame retardants not limited directly to industrial activities. 
Comparing concentrations of organic indicators in contaminated sediment samples with 
corresponding soil samples from riverine floodplains after approximately 10 and 20 years 
revealed the presence of a majority of these strong indicative organic substances in soil 
samples, therefore demonstrating their usefulness in tracing past pollutants from sediments to 
floodplains. Samples from the uppermost soil layers and therefore most recent deposited soil 
showed an increased contamination of almost every analyzed moderate indicator with the 
exception of certain phosphorus- and sulfur-containing compounds. These refractory 
pollutions were thereby still detected after 20 years of ceased primary input in the riverine 
system and severely affect local water, soil, and sediment quality as well as riverine systems 
such as the Elbe River further downstream. However, this trend was only observable to a lower 
degree in the strong indicative compounds. Generally, accumulation of strong indicators over 
the sampled time period was less prevalent compared to moderate indicative compounds like 
DDT and HCH. 
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High concentration levels of pollutants in the uppermost soil layer suggests a new 
contamination of recent sediment caused by secondary pollution pathways continually 
discharging into the riverine system. 
In recent times, no accumulation of fine-grained sediment took place in this sampling area of 
the Mulde River. Therefore, an assessment of the present situation of contamination in 
sediments and comparison with past samples was not possible. Although monitoring studies 
reported a decrease in the overall pollution of the Elbe River (Heininger et al. 1998) certain 
organic pollutants retain their elevated concentration levels (Heininger et al. 2004). Therefore, 
long lasting contamination of particulate matter in riverine systems strongly depend on 
individual compound specific secondary pathways. 
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3. The Effect of Distribution Processes on the 
Isomeric Composition of Hexachlorocyclo-
hexane in a Contaminated Riverine System 
Abstract 
Various factors influence the isomeric composition of hexachlorocyclohexanes which are 
released to the environment. Original compositions in technical mixtures may vary slightly, 
but higher shifts are observable for transfer processes, bioaccumulation and microbial 
transformation. Consequently, the isomeric composition in environmental samples is a 
superposition of these processes. In this study, isomeric distributions and concentrations of 
hexachlorocyclohexanes were analyzed in water, sediment, and soil samples of a riverine 
system known to be highly contaminated by hexachlorocyclohexanes. To assess desorption of 
hexachlorocyclohexanes from particulate matter to water, batch shaking and percolation 
experiments were conducted complementary.  
Analyzed samples exhibited total hexachlorocyclohexane concentrations of up to 2.8 µg/g in 
sediments and up to 21 µg/L in river water predominated by the α-isomer. Downstream 
hexachlorocyclohexane pattern changed towards į-isomer domination while overall 
hexachlorocyclohexane concentrations decreased. Desorption experiments supported the 
assumption of discrimination by preferred association of the α- and ȕ-isomers with particulate 
matter, showing elevated mobilization of Ȗ-, į- and İ-hexachlorocyclohexane and lower 
mobilization of the α- and ȕ-isomers. Soil samples of a riparian wetland exhibited elevated 
concentrations of hexachlorocyclohexanes exceeding β00 µg/g and predominance of α- 
hexachlorocyclohexanes in the top soil layer. Subjacent soil layers showed rapidly decreasing 
hexachlorocyclohexane concentrations and an isomeric shift towards the ȕ-isomer. The 
assumed preferential mobilization of ȕ-hexachlorocyclohexane was supported by desorption 
experiments. This study demonstrated firstly that transfer processes influence substantially 
hexachlorocyclohexane isomer distribution in the aquatic environment. Secondly, conditions 
of aging determine strength of association and remobilization potential of 
hexachlorocyclohexane residue down to an isomer specific level. 
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3.1 Introduction 
Hexachlorocyclohexanes (HCHs) represent a group of persistent organic pollutants (POP) 
consisting of the eight isomers of 1,2,3,4,5,6-hexachlorocyclohexane. Five of these isomers 
(see Figure 9) - α-HCH, ȕ-HCH, Ȗ-HCH, į-HCH, İ-HCH – are of high environmental 
relevance according to the Stockholm Convention Annex A. HCHs have been used for decades 
as pesticides. Although only Ȗ-HCH exhibits insecticidal properties, isomeric mixtures as 
yielded by technical synthesis were applied dominantly in the initial time period after the 
Second World War. δater on after 1950, purified Ȗ-HCH (trade name: Lindane) was produced 
and applied until its termination of production in the majority of countries (e.g. in West-
Germany (1984) and in East Germany 1989). Currently, it is still used in some Asian and 
African countries e.g. India (Ali et al. 2014, Sharma et al. 2014). 
Technical synthesis of HCH by chlorination of benzene using UV radiation yields a mixture 
(technical HCH) of five stereoisomers with a typical composition of 60-70% α-HCH, 5-12% 
ȕ-HCH, 10-1β% Ȗ-HCH, 6-10% į-HCH and 3-4% İ-HCH (Walker et al. 1999, Willett et al. 
1998). In-depth examinations of structural properties of HCH are described by S. L. Li et al. 
(2011). Different chemical and physical properties such as the environmental relevant partition 
coefficient KOW and water solubility SWL are caused by the stereochemical orientation of the 
chlorine atoms around the cyclohexane ring (see Table 6). While α-HCH is much more soluble 
in water than the ȕ- and Ȗ-isomer, this difference is not visible in the corresponding KOW value. 
Higher variation are observable for the Henry’s δaw constants with a significant lower value 
for the ȕ-isomer. The environmental fate of each HCH isomer is influenced by these 
differences in the partition coefficients and solubility. 
HCHs are of high environmental relevance due to their high persistence, their tendency for 
bioaccumulation and their (eco-)toxicological effects (Bhatt et al. 2009, Olivero-Verbel et al. 
2011, Stockholm Convention on POPs). Certain isomers (α-HCH and Ȗ-HCH) are known for 
their global, air bound migration (Wania and Mackay 1996), whereas other isomers (ȕ-HCH 
but also α-HCH) tend to bio accumulate due to their lipophilic character (Kumar et al. 2006,  
Willett et al. 1998). Some isomers exhibit elevated toxicity (Ȗ-HCH) in aquatic environments 
(Oliveira and Paumgartten 1997) and even carcinogenic potential (Zou and Matsumura 2003). 
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These diverse patterns of behavior are caused by slightly deviating physical-chemical 
properties and, therefore, an isomer specific observation of HCHs in the environment is an 
important issue. 
Numerous studies were performed on the occurrence of HCHs in various environmental 
compartments such as air (e.g. Ding et al. 2007, Karlsson et al. 2000), soil (e.g. Manz et al. 
2001, Schwartz et al. 2006), sediment (e.g. Heim et al. 2005, H. S. Li et al. 2011, Ricking and 
Schwarzbauer 2008), water (e.g. Heemken et al. 2000), plants (e.g. Abhilash et al. 2008) and 
animals (e.g. Marth et al. 1997, Willett et al. 1998). Most of these studies focused either on 
selected isomers or reported cumulated concentrations of all HCH isomers. Individual 
quantitative data for all environmentally relevant isomers have been published to a minor 
extent only. In some studies specific values were reported only for selected main isomers (e.g. 
Franke et al. 2005, Gandrass and Zoll 1996, Heemken et al. 2000, Marth et al. 1997), whereas 
other studies solely reported cumulative values of HCHs (e.g. Wilken et al. 1994). 
Figure 9 Structures of environmental relevant HCH isomers. 
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However, it is known that isomeric patterns of HCH deviate between but also within 
environmental compartments (e.g. Abhilash et al. 2008, Heinisch et al. 2005, Manz et al. 2001). 
The variation of isomer patterns are related to different environmental processes. On the one 
hand transfer and transport processes can be responsible for isomer discrimination. Several 
studies reported HCH patterns dominated by α-HCH or ȕ-HCH in sediment and soil whereas 
α-HCH and Ȗ-HCH constitute the major isomers found in airborne particulate matter (e.g. Bhatt 
et al. 2009). These distribution trends are illustrated by HCH patterns detected in various 
environmental compartments at Lake Baikal (Iwata et al. 1995). 
Table 6 Physical-chemical properties of the most environmental prevalent HCH isomers as described 
by Xiao et al. 2004. Data sets for į- and İ-HCH were not available for the author. SWL – water solubility, 
SOL – octanol solubility, KOW – octanol/water partition coefficient, KOA – octanol/air partition 
coefficient, H – Henry’s δaw constant (air-water), PL – vapor pressure. SWL, SOL and PL refer to liquid 
state. 
  SWL [mol/m3] SOL [mol/m3] logKOW logKOA H [Pa m3/mol] PL [Pa] 
       
α-HCH 1.44 2870 3.94 7.46 0.735 0.245 
β-HCH 0.333 11800 3.91 8.74 0.037 0.0529 
ɶ-HCH 0.247 1680 3.83 7.74 0.306 0.0757 
 
On the other hand, biotic transformation by bacteria discriminates HCH isomers by preferred 
transformation of certain isomers. Various studies on HCH transformation by bacteria showed 
ȕ-HCH to be more resistant to degradation under aerobic conditions as compared to the other 
isomers (Bhatt et al. 2009).  
Further on, the comparatively small concentrations of Ȗ-HCH in terrestrial and freshwater 
environmental compartments is due to its fast transformation respectively isomerization 
(Bachmann et al. 1988, Wu et al. 1997b) and its higher tendency to evaporate. Emissions from 
industrial waste derived from purification processes of raw HCH mixtures also have a very 
low Ȗ-HCH content. Further on, due to its relatively short half-life compared to the other 
isomers, high concentrations of Ȗ-HCH within HCH patterns detected in natural samples 
indicate recent emission but exclude historical contamination (Ding et al. 2007). Regarding the 
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occurrence of Ȗ-HCH, it has been suggested that Lindane may have been used preferentially in 
urban areas while technical HCH was applied almost exclusively as an insecticide in 
agriculture (Venier and Hites 2014). 
Various studies have been performed on metabolization (S. L. Li et al. 2011, Macrae et al. 
1967, Rodriguez-Garrido et al. 2004, Willett et al. 1998) and isomerization (Huhnerfuss et al. 
1992, Phillips et al. 2005, Wu et al. 1997b) of HCH-isomers under different environmental 
conditions (redox environment, biotic/abiotic). Slightly different biotic transformations under 
aerobic and anaerobic conditions were proposed involving step-wise dechlorination to less 
chlorinated derivatives such as pentachlorocylohexene (e.g. Bachmann et al. 1988, Bhatt et al. 
2009, S. L. Li et al. 2011, Phillips et al. 2005, Ricking and Schwarzbauer 2008, Rodriguez-
Garrido et al. 2004). Hydrolysis was reported as the dominant abiotic degradation pathway for 
HCHs (Bhatt et al. 2009). 
In summary, various factors are influencing the isomeric composition of HCHs released to the 
environment. The original composition in technical mixtures may vary slightly, but higher 
shifts are observable for transfer processes, bioaccumulation and microbial transformation. 
Consequently, the isomeric composition in environmental samples is a superposition of these 
processes.  
This study is a systematic analysis of the effect of environmental distribution processes on 
HCH composition in the aquatic environment. To achieve this objective, several environmental 
samples were taken from the riverine system of the Spittelwasser creek downstream of the 
former industrial area of Bitterfeld-Wolfen (Germany) in October 2012. Sediments, wetland 
soils, and surface water of this highly contaminated aquatic ecosystem were analyzed with 
respect to their isomer specific HCH contamination. The water body, sediments, and wetlands 
of the Spittelwasser creek and the Mulde River system at Bitterfeld-Wolfen are well known 
for their high HCH pollution (Franke et al. 2005, Schwartz et al. 2006). At two chemical plants 
of the chemical-industrial complex Elektrochemisches Kombinat Bitterfeld upstream of the 
Spittelwasser creek Lindane was produced on an industrial scale from 1951 to 1982 at the 
times of the GDR (East Germany). Waste material from Lindane purification by 
recrystallization was dumped in former opencast pits creating a highly complex multipoint, 
almost diffuse source situation in this region. Until now, after 25 years of ceased production, 
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high concentrations of HCH can be found in environmental compartments downstream of the 
industrial complex (e.g. Kolarikova et al. 2013, Schwartz et al. 2006). Being a tributary river 
to the Elbe River, the water quality of Germany’s third largest river (Kolarikova et al. 2013), 
adjacent farmland as well as the North Sea (Huhnerfuss et al. 1997) has been affected by this 
contamination as well. 
Complementary laboratory experiments were conducted to study the influence of isolated 
transfer and transport processes on HCH isomers and to simulate discrete natural processes 
like flooding or remobilization of riverine sediments. 
 
3.2 Material and Methods 
 
3.2.1 Sample Material 
Sampling and samples are described in detail in Chapter 1.4.2. In short, in October 2012, 
several samples of the riverine system downstream of the industrial megasite of Bitterfeld-
Wolfen were taken. Samples comprised water (L1 to L5) and sediment (S1, S8) samples from 
the Spittelwasser creek and the Schachtgraben canal, and soil (S2 to S7) samples from an 
adjacent floodplain. Water samples were stored in four 1 L glass flasks per sampling point at 
4°C in the dark. Soil profile samples were stored in 250 mL glass flasks with Teflon lined 
screw caps. Sediment and one soil sample (S2) were stored in sealable buckets. In addition, a 
sample of matured industrial HCH waste W1 was provide by local authority.  
 
3.2.2 Extraction and Fractionation 
From each sampling point 2 L water samples were processed in portions of 1 L, respectively. 
Each 1 L aliquot was extracted using sequential liquid-liquid extraction (according to Franke 
et al. 1995) with 50 mL of n-pentane, 50 mL of DCM and 50 mL of DCM after acidification 
to pH 2 using conc. HCl. After each extraction step the organic phase was separated via 
separating funnel. For quantification 50 µL of a surrogate standard mixture consisting of 
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fluoroacetophenone (7.2 ng/µL), decafluorobenzophenone (7.0 ng/µL) and d34-hexadecane 
(6.0 ng/µL) was then added to the first two extracts. To the third extract 200 µL of a different 
surrogate standard mixture consisting of fluoroacetophenone (7.2 ng/µL), 
decafluorobenzophenone (7.0 ng/µL) and difluorophenylacetic acid (5.0 ng/µL) was added. 
Then the extracts were concentrated to approx. 5 mL by a rotary evaporator at ambient 
temperature and dried by filtration over anhydrous sodium sulfate. Thereafter, each two 
aliquots per sequentially processed extract were combined and concentrated to a final volume 
of ca. 50 µL at ambient temperature. 
Soil and sediment subsamples of 10 g were extracted by sequential ultrasonic agitation 
(according to Ricking and Schwarzbauer 2008) with 100 mL acetone, and 100 mL n-hexane. 
Each extraction step involved 15 min treatment by ultrasonication followed by a stirring period 
of 1 h and a second 15 min treatment by ultrasonication. Then, the samples were stirred 
overnight. The organic phase was separated from the dispersed solid material by 
centrifugation. The organic extracts were combined in a separating funnel, subsequently 
concentrated to a volume of approx. 5 mL by a rotary evaporator at ambient temperature and 
then dried by filtration over anhydrous sodium sulfate. After further concentration to approx. 
1 mL activated copper powder was added and the sample was treated by ultrasonic agitation 
for 15 min and left overnight in a refrigerator. 
Soil and sediment extracts were fractionated using glass micro columns packed with approx. 
2 g of activated silica gel (particle size 40 µm, dried overnight at 200°C). The fractionation 
was carried out by stepwise elution of 5 mL n-pentane, 8.5 mL n-pentane/DCM 95:5 (v/v), 5 
mL n-pentane/DCM 90:10 (v/v), 5 mL n-pentane/DCM 40:60 (v/v), 5 mL DCM and 5 mL 
MeOH respectively. For quantification 50 µL of a surrogate standard mixture consisting of 
fluoroacetophenone (7.2 ng/µL), decafluorobenzophenone (7.0 ng/µL) and deuterohexadecane 
(6.0 ng/µL) was then added to fractions 1 to 5. The fractions were then concentrated to 50 µL 
at ambient temperature. HCHs were detected in fractions 3 to 5 of soil and sediment samples 
and extract 1 and 2 of water samples. 
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3.2.3 Batch Desorption Experiments 
Batch desorption experiments were conducted using samples S2, S8 and W1. In a first setup 
0.5 L Spree river water (Berlin) water was added to 250 g of wet sample material (S2, S8). The 
mixture was shaken with 7 rpm in an end-over-end-tumbler at 22°C. After 2 h, 24 h and 2 
weeks the samples were centrifuged (10 min at 670 xg) and the liquid phase was replaced.  
In a second smaller setup considering the much higher concentrations of HCH pollutants in the 
waste sample W1 40 mL Spree River water (Berlin) was added to 50 mg (W1) and 40 g (wet 
S2) sample material respectively, for the purpose of comparison to the first setup. The mixture 
was shaken with 7 rpm in an overhead shaker. After 4 h, 24 h, 1 week and 2 weeks the samples 
were centrifuged and the liquid phase was replaced. This procedure was performed four times 
and corresponding water samples were combined due to difficulties in separating solid waste 
and water phase resulting in approx. 150 mL water samples per sampling point. All 
experiments were conducted in PE flasks. No sorption effects were observed. 
Resulting water samples were filtered through 0.45 µm filter (Macherey-Nagel MN GF-5, 
Germany) prior to analysis using the method described above. Results from the second batch 
desorption experiment with soil sample S2 supported conclusions of first batch desorption 
experiment using soil sample S2 and are therefore not described further. 
 
3.2.4 Percolation Experiments 
Percolation experiments were conducted using samples S2 and S8. A column (stainless steel, 
30 cm x 10 cm i.d.) was packed with fine stainless steel gauze, 200 g aquarium gravel and 
200 g of wet sample material (S2/S8) on top. Elution was done by gravity using 1 L Spree river 
water (Berlin) as eluent (roughly equivalent to 1/10th of average local annual precipitation). 
The percolation experiment with waste sample W1 was conducted using 884 mg sample sealed 
with 100 g uncontaminated sand above 300 g aquarium gravel under the same conditions as 
sample S2 and S8. Portions of 100 mL eluate were taken and analyzed using the method 
described above. 
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3.2.5 Gas Chromatographic Mass Spectrometric Analyses, GC/MS 
GC/MS analyses of soil profil samples S3 to S7 were carried out on a double-focusing sector 
field mass spectrometer Finnigan MAT 95 (Finnigan MAT, USA) linked to a Modell 5890 
Series II gas chromatograph (Hewlett Packard, USA) equipped with a 30 m x 0.25 mm i.d. x 
0.25 µm ZB-1 fused silica capillary column (Phenomenex Inc., USA). 1 µL of sample was 
injected as split/splitless injection with an injector temperature of 270°C and a splitless time 
of 60 s. The GC oven was programmed from hold for 3 min, then heated to 310°C with a rate 
of 5°C/min. Final isothermal time was 20 min. The mass spectrometer was operated in electron 
impact ionization mode (EI+, 70 eV) in low resolution scanning from 35-700 amu at a rate of 
1.0 scans/decade and an interscan time of 0.1 s. The source temperature was held at 200°C. 
Helium carrier gas velocity was approximately 30 cm/s. 
GC/MS analyses of water, sediment and non-profile soil samples were carried out on a Trace 
MS quadrupole mass spectrometer (ThermoQuest, Italy) linked to a Trace GC gas 
chromatograph (ThermoQuest, UK) with a 30 m x 0.25 mm i.d. x 0.25 µm ZB-XLB fused 
silica capillary column (Phenomenex Inc., USA) under the chromatographic conditions 
described above. The mass spectrometer was operated in electron impact ionization mode (EI+, 
70 eV) in low resolution scanning from 35-700 amu at a scan rate of 1.5 scans/s. The source 
temperature was held at 200°C. Helium carrier gas velocity was approximately 40 cm/s. 
 
3.2.6 Quantification 
HCH isomers were quantified by integration of the ion chromatograms 217 m/z and 219 m/z. 
Retention order of HCH isomers were confirmed by a defined standard mixture of HCH 
isomers as following: α-HCH, ȕ-HCH, Ȗ-HCH, į-HCH, İ-HCH (ZB-1 type column) and α-
HCH, Ȗ-HCH, ȕ-HCH, į-HCH, İ-HCH (ZB-XLB type column). Quantification was carried 
out by an external four-point calibration using reference compounds (values for İ-HCH were 
derived from mean values of aforementioned HCH isomers). For correction of injection 
volume and sample volume inaccuracies the results were corrected based on the surrogate 
standard d34hexadecane. Reproducibility and analytical accuracy were tested by recovery 
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experiments at least in triplicates (according to Dsikowitzky et al. 2002) to ensure analytical 
quality. Recovery rates for HCH in soil and sediment samples were determined by extraction 
of pre-extracted sediment samples spiked with HCH reference compounds and subsequent 
extraction and fractionation as described above (recovery rates and abs. STD: α-HCH 
(54%±8), ȕ-HCH (66%±10), Ȗ-HCH (60%±10), į-HCH (58%±10), İ-HCH (59±10); values 
for İ-HCH derived from mean values of aforementioned HCH isomers). Recovery rates of 
HCH in water samples were determined by extraction of water spiked with HCH reference 
compounds and subsequent extraction as described above (recovery rates and abs. STD: α-
HCH (11γ%±19), ȕ-HCH 111%±β6), Ȗ-HCH (119%±17), į-HCH (104%±γβ), İ-HCH 
(11β±β0); values for İ-HCH derived from mean values of aforementioned HCH isomers). 
Recovery rates were considered for quantitative data reported. All data of particulate matter 
are given on dry matter basis. 
 
3.3 Results and Discussion 
 
3.3.1 Sediment and Water Samples 
All quantitative results obtained for sediment, and water samples are summarized in Table 7. 
Maximum values of total HCHs were approx. 2800 ng/g in sediments and approx. 21 µg/L in 
water. 
Analyses of water samples revealed diverse isomeric patterns of HCH throughout the 
examined area (see Figure 10). At the outlet of the Schachtgraben canal L1 the run-off HCH 
pattern was strongly dominated by α-HCH (87%) accompanied by 10% ȕ-HCH. Occurrence 
of other isomers was negligible. Besides changes of isomeric patterns, also changes in HCH 
concentrations were observed. Concentrations of dominant isomers, especially α-HCH, were 
exceptionally high in comparison to the other water samples investigated (see Table 7). Prior 
to joining the Spittelwasser creek at L3 the isomeric pattern shifted dramatically to a 
dominance of į-HCH (γ8%) followed by α- and ȕ-HCH both with approx. 24%. This change 
of isomer pattern was the result of decreasing concentrations of α-HCH (by a factor of 100) 
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and ȕ-HCH (by a factor of 10), respectively. Complementary, the remaining three isomers Ȗ-, 
į- and İ-HCH exhibited no decrease in concentration over the canal’s distance. 
Table 7 HCH concentrations in sediment and water samples from the Schachtgraben canal and 
Spittelwasser creek (concentration are given in ng/L for water samples and ng/g for sediment samples). 
Sample 
No. 
α-HCH β-HCH ɶ-HCH ɷ-HCH ɸ-HCH Σ-HCH 
 
      
S1 210 130 4 13 11 368 
S8 1800 740 110 61 120 2831 
L1 18000 2200 86 390 120 20796 
L2 28 25 n.d. n.d. n.d. 53 
L3 130 130 24 200 45 529 
L4 190 140 16 140 40 526 
L5 48 150 n.d. 7 40 245 
       
The Spittelwasser creek at L2 showed only a negligible contamination of HCH (see Table 7) 
with low concentrations of į-HCH and evenly distributed α- and ȕ-HCH. After the confluence 
of the Spittelwasser creek and Schachtgraben canal, only a minor shift in the HCH pattern 
towards a slight dominance of α-HCH and even distributed ȕ- and į-HCH isomers was 
observed in the combined water body at L4. Between sample point L3 and L4 no change in 
HCH concentration occurred. The isomeric pattern in the pond water L5 exhibited a completely 
different distribution. Here, the pattern was predominated by ȕ-HCH (62%) followed by 20% 
of α-HCH and a significant percentage of İ-HCH. It is worth mentioning that concentrations 
of ȕ- and İ-HCH were nearly constant in L3, L4 and L5 while there was a notable decrease in 
concentration of α-, Ȗ- and į-HCH between L3/L4 and L5. Former studies have shown, that a 
roughly equal outflow rate can be assumed for both water bodies (Jacobs et al. 2013) 
represented in our study by sampling locations L2 and L3. However, the accordingly expected 
decrease in HCH concentration by factor of 0.5 at sampling point L4, representing the 
combined water bodies, was not observed. The lack of dilution effects might be attributed to 
an incomplete mixing of both bodies even 450 m after their confluence. 
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Analyses of sediment samples revealed only minor differences in isomeric HCH-patterns. Both 
sediments S1 and S8 were dominated by α-HCH followed by ȕ-HCH and minor percentages 
of the other isomers. Concentrations of total HCH increased by roughly a factor of 10 in S8 
relative to S1. 
Since the isomeric pattern at L1 (and to a lower extend at S1) was nearly identical to a pattern 
found in matured industrial HCH-waste W1 (see Figure 10) a close linkage can be assumed. A 
dramatic shift in the isomeric pattern was observed as the water body moves downstream. The 
clear decrease in α- and ȕ-HCH and simultaneously lack of decrease in the other remaining 
isomers between L1 and L3 points to a process primarily affecting the two dominant isomers 
of which α-HCH is reduced in amounts ten times higher than ȕ-HCH. Interaction with 
particulate matter can be an explanation since the Schachtgraben canal exhibited elevated 
amounts of suspended matter in form of iron hydroxides. Hence, adsorption or co-precipitation 
might lead to a favorable association of α- and ȕ-isomers with the newly formed particulate 
matter. 
Figure 10 HCH composition in water and sediment samples (S1, S8, L1-L5 and W1). 
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As already mentioned, no fine grained sediment was present in the Spittelwasser creek. Thus, 
the water-particle interaction is limited between L3 and L4 explaining the nearly unchanged 
isomeric pattern at L4. Contributions to a shift in the HCH pattern from contaminations of the 
Spittelwasser creek L2 prior to the joining of the Schachtgraben canal was negligible. 
Although sediment of the stagnant water pond S8 exhibited the same pattern as the 
Schachtgraben canal sediment S1, the corresponding water sample L5 showed a completely 
different ȕ-HCH dominated isomeric pattern. This discrepancy is most likely caused by a 
steady run-off of fresh contamination from the Schachtgraben canal outlet and more extensive 
interaction with fluviatile sediment versus an almost equilibrium state between limnic sediment 
and corresponding water in the stagnant water pond. 
To simulate the desorption processes, the transfer from particulate matter to surrounding water 
(mobilization), batch desorption experiments with material from sediment S8 were conducted. 
Results are shown in Table 8. Initially, only small amounts of α-, ȕ-, Ȗ- and į-HCH, but a 
noticeable amount of İ-HCH were transferred to the liquid phase within the first 2h. After 24h 
the amounts of mobilized α- and ȕ-HCH increased by a factor of 10, while the mobilization of 
Ȗ-, į- and İ-HCH remained constant. Lastly, after two weeks further increase in mobilization 
of α-HCH and to a lower extent of ȕ-HCH and Ȗ-HCH was observed, while į- and İ-HCH still 
remained constant. Net-mobilization values were calculated by dividing the sum of individual 
HCH-isomer content in all water aliquots by the sum of the content in the residual sediment 
and all water aliquots. Thus, a percentage value of mobilized HCH throughout the experiment 
was obtained. In contrast to the mobilization of α-HCH and ȕ-HCH (exhibiting comparatively 
low mobilization rates below 1%), higher mobilization rates (between 1.8 and 6.1%) for Ȗ-, į- 
and İ-HCH were observed. Further on, a distinct dynamic behavior in mobilization of α-HCH 
and ȕ-HCH was visible, while Ȗ-, į- and İ-HCH showed a continuous mobilization rate. 
Opposing, a higher transfer rate from the water body to particulate matter for α-HCH and ȕ-
HCH as compared to the other HCH-isomers can be deduced from the batch desorption 
experiments. This supports well the observed behavior of α-HCH and ȕ-HCH between L1 and 
L3 in the Schachtgraben canal where these isomers were depleted to a higher extent from the 
water phase. 
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In water and sediment compartments, detected HCH patterns were subject to superimposition 
with other environmental processes. Physical processes like evaporation are governed by 
physical properties of the individual HCH isomer (see Table 6). At the water-air-phase 
boundary, preferred evaporation of α-HCH and Ȗ-HCH over ȕ-HCH is implied by their higher 
vapor pressure and Henry’s δaw constant. It can be assumed that additional HCH transfer 
processes at water-sediment-phase boundary are very similar to the water-suspended matter 
interaction previously described by the conducted lab experiments. Complementary chemical 
processes include degradation and isomerization of HCHs. Both abiotic and biotic degradation 
pathways of HCHs were observed (Bhatt et al. 2009). Briefly, isomers of lower chlorinated 
cyclohexane derivatives such as pentachlorocyclohexene are formed by hydrolysis of HCHs 
(S. L. Li et al. 2011), the preferred abiotic degradation pathway. This hydrolysis is triggered 
by the potential of anti-elimination within the cyclic molecular system (Rodriguez-Garrido et 
al. 2004). Consequently, higher reactivity of α-HCH and Ȗ-HCH over ȕ-HCH can be assumed. 
Biotic degradation of HCHs was observed under aerobic (aqueous phase) and anaerobic 
(sediment phase) conditions (Phillips et al. 2005) and numerous pathways were proposed (S. 
L. Li et al. 2011). General isomeric tendency to degradation is similar to abiotic reactions. Bio-
isomerization of Ȗ-HCH to α-HCH or ȕ-HCH was described (Walker et al. 1999). In addition, 
under lab conditions isomerization by photolysis was observed (Malaiyandi et al. 1982). 
However, only minor contributions from these other processes to the overall isomeric HCH 
distribution is assumed according to our results. Physical processes and degradation within the 
aqueous phase were not able to change drastically the isomeric HCH pattern in the creek 
between sample points L3 and L4, as well as in sediments between sample point S1 and S8. 
 
3.3.2 Industrial HCH-waste 
Sample W1 (see Figure 10) consisted of HCH waste derived from the purification process of 
technical HCH and was therefore Ȗ-HCH depleted. Small amounts of the Ȗ-isomer were still 
present in this sample. Theoretically, isomerization to Ȗ-HCH from other HCH isomers is 
possible as a single study reported (Deo et al. 1980), but the applied condition in that study 
(shaking in distilled water) is unlikely to be found in natural systems. Further reports suggests 
α-HCH and/or ȕ-HCH as preferred transformation products from bio-isomerization of Ȗ-HCH 
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(Walker et al. 1999). Thus, traces of residual Ȗ-HCH illustrate an incomplete separation of 
HCH isomers by the HCH purification process. 
 
Table 8 Results for batch desorption experiments from sediment sample S8 and soil sample S2. Values 
of HCHs contents are given in ng. 
Sediment 
S8 
HCH in water phases of the batch experiment HCH in sediment 
after the batch 
experiments 
Mobilization* 
 2 h  24 h 2 w Σ-HCHwater Σ-HCHsolid residue [%] 
       
α-HCH 26 360 1800 2200 270000 0.8 
β-HCH 21 120 590 730 110000 0.7 
ɶ-HCH 12 65 130 200 11000 1.8 
ɷ-HCH 90 57 82 230 9700 2.3 
ɸ-HCH 560 910 750 2200 34000 6.1 
Σ-HCH 709 1512 3352 5560 434700 1.3 
       
Soil 
S2 
HCH in water phases of the batch experiment HCH in soil after 
the batch 
experiments 
Mobilization* 
 2 h 24 h 2 w Σ-HCHwater Σ-HCHsoil residue [%] 
       
α-HCH 2100 2800 2400 7300 1200000 0.6 
β-HCH 25000 22000 34000 82000 2000000 3.9 
ɶ-HCH 190 240 230 650 120000 0.5 
ɷ-HCH 180 200 370 760 83000 0.9 
ɸ-HCH 470 530 780 1800 94000 1.9 
Σ-HCH 27940 25770 37780 92510 3497000 2.6 
*Mobilization = Σ-HCHwater/(Σ-HCHwater + Σ-HCHsolid residue)x100 
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Table 9 Results for batch desorption experiments from waste sample W1. Values of HCH content are 
given in µg. 
 HCH in water phases of the batch experiment HCH in waste after the 
batch experiments 
Mobilization* 
 4 h 24 h 1 w 2 w Σ-HCHwater Σ-HCHwaste residue [%] 
        
α-HCH 170 86 72 66 394 50300 0.8 
β-HCH 17 9.6 6 5.6 38 15300 0.2 
ɶ-HCH 170 88 53 31 342 1040 24.7 
ɷ-HCH 39 29 21 8 97 180 35.0 
ɸ-HCH 10 4.8 2.7 2.2 20 680 2.8 
 406 217 155 113 891 67500 1.3 
*Mobilization = Σ-HCHwater/(Σ-HCHwater + Σ-HCHwaste residue)x100 
 
To simulate initial mobilization by water contact, batch desorption experiments with sample 
W1 were performed and results are shown in Table 9. Analyses of obtained water samples 
showed patterns dominated by α and Ȗ-HCH, whereas α-HCH dominated the pattern of residual 
waste after the experiment. After 24 h the highest amount of transferred HCH were observed 
in the α- and Ȗ-isomers, whereas only small amounts of ȕ-HCH, į-HCH and İ-HCH were 
dissolved. Thereafter all isomers exhibited decreased mobilization. Compared to the initial 4 
h interaction with water the following longer interaction periods removed less HCH from 
sample material. After two weeks only 20% to 40% of initial amount of HCHs were dissolved. 
Net-mobilizations were calculated as described before. Highest mobilization rates were 
determined for Ȗ -HCH and į-HCH high (25% and 35% respectively). The other isomers 
exhibited much lower mobilization by a factor of 10 for İ-HCH and a factor of 100 for α-HCH 
and ȕ-HCH. Therefore, it can be assumed that α-HCH and Ȗ-HCH mobilize initially to a greater 
extent than ȕ-HCH, į-HCH, and İ-HCH, although comparatively small amounts of į-HCH are 
readily transferred to the interacting water. Longer waste-water contact (during flood events) 
can be assumed to result in α-HCH dominated waste water/leaching water by depletion of the 
higher mobile Ȗ- and į-isomers. 
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3.3.3 Soil Samples and Percolation 
The status of HCH contamination with increasing depth was assessed by analysis of a taken 
soil profile S3-S7. Five soil layers were separated according to changes in color and texture. 
The overall HCH concentration in the top layer S1 was very high reaching over 200 µg/g soil. 
A rapid decrease in HCH concentration was observed towards subjacent layers (S4 to S7) with 
values down to 30 µg/g soil in the second layer (see Figure 11a). 
A HCH pattern (see Figure 11b) very similar to the industrial waste W1 and sediment samples 
S1 and S8 was exhibited in the top layer Sγ. Here, α-HCH predominated followed by ȕ-HCH. 
With increasing depth a shift in the isomeric pattern of the HCH contamination occurred. In 
the second layer S4 the ȕ-isomer became predominant followed by α-HCH (see Figure 11a). 
With increasing depth the isomeric HCH pattern shifted towards ȕ-HCH domination reaching 
more than 90% in the bottom layers and only small amounts of the other HCH isomers shown 
in Figure 11b. 
An isomeric discrimination by preferred transport of ȕ-HCH into deeper soil layers is indicated 
by both this noticeable isomers shift and the exponentially depletion of HCH concentration 
with increasing depth. Aside from transport processes simulated by desorption and percolation 
experiments, HCH isomers in soil are subject to discrimination by other processes. The initial 
alluvial deposit is subject to evaporation and photolysis as described previously. Furthermore, 
metabolization/biodegredation of HCH isomers by soil bacteria was observed by various 
authors (Bhatt et al. 2009). Aerobic biodegradations of HCHs in soil are well investigated for 
the bacteria Sphingomonadaceae (Pal et al. 2005). Degradation of HCHs is enabled by the exo 
enzymes LinA and LinB  (Nagata et al. 1999, Suar et al. 2005, Raina et al. 2007, Bala et al. 
2012, Geueke et al. 2013). Degradation thereby forms isomer specific metabolization products 
like pentachlorocyclohexene for α-HCH and Ȗ-HCH and pentachlorocyclohexane-1-ol for ȕ-
HCH and į-HCH. Degradation of the most recalcitrant HCH isomer, the ȕ-HCH, is only 
achieved by LinB, whereas LinA is able to degrade the other isomers. Therefore, a 
superimposition of the similar biodegradation pattern and percolation/mobilization pattern is 
suggested. 
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A second type of riverine particulate matter contaminated with HCHs in Bitterfeld-Wolfen 
area was represented by soils of riparian wetlands. This environmental compartment is built 
up by deposition of contaminated sediments during flood events. In this particular system, 
wetlands and Spittelwasser creek are flooded frequently by the Mulde River. During rain 
events, wetland pollutants can be mobilized by percolating water through the unsaturated soil 
zone towards the ground water.  
Figure 11 a Isomeric HCH distribution and concentration in a soil profile of a riparian wetland near 
Bitterfeld-Wolfen. Values are given in µg/g d.w. b Comparison of isomeric HCH distributions in soil 
layers S3 (left) and S7 (right). 
The initial mobilization step was simulated by batch desorption experiments similar to 
sediment using sample S2 as representative (see Table 8). Significant mobilization of α-HCH 
and even to a greater extent of ȕ-HCH was already observed after two hours of interaction. 
εobilization of ȕ-HCH, į-HCH, and İ-HCH increased slightly over the course of the 
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experiment while α-HCH and Ȗ-HCH remained constant. εobilization was dominated by ȕ-
HCH and α-HCH with a factor of 100 respectively 10. Net-mobilization values were calculated 
as described above. High mobilization rates were observed for ȕ-HCH and İ-HCH, low rates 
for α-HCH, Ȗ-HCH and į-HCH. In contrast to batch desorption experiments involving 
sediment samples, much lower dynamic behavior was observed in mobilization of HCH from  
Figure 12 Isomeric HCH distribution in eluted water samples of a percolation experiment using a soil 
sample S2, b sediment sample S8 and c waste sample W1. Each pattern represents a step of 100 mL 
eluted water for a total of 1 L. 
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soil samples. After two hours the concentration of mobilized HCH already reached its 
maximum values. A distinct difference between mobilization in soil and mobilization in 
sediments is obvious. Therefore, water interacting with soil is likely to show a ȕ-HCH 
dominated HCH pattern. Further implication of this result will be discussed later. 
For simulating the leaching of HCH contaminants into deeper soil layers, a percolation 
experiment with soil sample S2 was conducted. Over the course of the experiment no 
significant change in the isomeric pattern of eluted water samples was observed (see Figure 
12a). Resulting patterns were strongly dominated by ȕ-HCH (75-95%) followed by a minor 
percentage of α-HCH (1-18%) and İ-HCH (1-4%). Other isomers were eluted to a lesser 
amount (<1%). Results from the percolation experiment on soil indicates a preferred desorption 
of ȕ-HCH and subsequent transport to deeper soil layers by water. This observation supports 
not only experimental data from batch desorption experiments (higher mobilization of ȕ-HCH 
in soil) but also the analyses of HCH content in soil layers (ȕ-isomer dominated HCH patterns 
in deeper soil layers). The other HCH isomers were in contrast much less mobile and will 
therefore stay more adsorbed to particulate soil matter. Depletion of ȕ-HCH in upper soil layers 
and a shift in the HCH pattern towards remaining isomers is implied. 
After flood events deposited contaminated sediments on riparian wetlands are also subject to 
rinsing out e.g. by rainfall. These events were simulated by percolation experiment with 
sediment sample S8 (see Figure 12b). Over the course of this experiment HCH patterns of 
eluted water samples showed an increase in İ-HCH content (49% to 82%), an almost constant 
leaching of į-HCH (~4%), a slight decrease of ȕ-HCH (15% to 7%), and a stronger decrease 
of α-HCH (γγ% to 6%).  The Ȗ-isomer was not detected in any of the eluates. Preferred 
desorption of İ-HCH increasing over time is suggested by the results from percolation 
experiment using sediment. A subsequent transport of İ-HCH in subjacent soil can be assumed. 
Initial mobilization of α- and ȕ-HCH decreased over time. These observations were different 
to the results obtained from percolation experiment applied to the soil sample.  
Combined results point to an increased transport of İ-HCH from accumulated polluted 
sediments into subjacent riparian wetland soil after a flood event. Thereafter further transfer of 
İ-HCH and ȕ-HCH into ground water may occur as indicated by elevated mobilization rates. 
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For simulating the leaching of HCH contaminants directly from buried industrial waste of HCH 
residues, a percolation experiment with waste sample W1 was conducted. Over the course of 
the experiment no significant change in the isomeric pattern in eluted water samples was 
observed (see Figure 12c). Resulting patterns were strongly dominated by α-HCH (75-93%) 
followed by a minor percentage of Ȗ-HCH (1-18%) and ȕ-HCH (1-11%). Other isomers were 
eluted to a lesser amount (~1%). Results from the percolation experiment on this matured HCH 
waste indicates a preferred desorption of α-HCH and subsequent transport to subjacent soil 
layers. In contrast to batch desorption experiments with waste sample W1, Ȗ-HCH was eluted 
to a lesser extent. It can be assumed that much shorter interactions with water during elution 
in percolation experiments compared to batch desorption experiments impedes equilibrium of 
HCH in water/waste and therefore discriminates desorption and solubility of Ȗ-HCH. 
In comparison to water sample L1, batch desorption experiments with waste sample W1 
showed elevated amounts of Ȗ-HCH transferred to the water phase. Patterns of leaching water 
from corresponding percolation experiment (see Figure 1βc) showed a similar α-HCH 
domination relative to water sample δ1. However, amounts of the ȕ- and Ȗ-isomers did not 
match. Therefore, the water sample L1 does not represent direct leaching water from this 
composition of industrial HCH waste.  
 
3.3.4 Comparison of HCH Behavior in Sediment, Soil and Waste 
The conducted laboratory experiments revealed main differences in amount and distribution 
of HCH isomers as well as temporal changes of mobilization rates between subaquatic 
sediment and terrestrial soil. This is astonishing since both environmental compartments 
originate from the same riverine particulate matter (see Figure 13). On the one hand, 
experiments with the soil sample resulted in ȕ-HCH dominated patterns and no change in 
composition of eluted HCH patterns over the time course of the percolation experiment and 
fast increasing mobilization rates with time towards constant values. On the other hand, 
experiments with the sediment sample showed İ-HCH dominated patterns with an increasing 
contribution of İ-HCH in the eluted HCH pattern and slow increasing mobilization rates with 
time towards constant values A third experimental behavior was observed in the industrial 
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HCH waste. Over the time course of the HCH waste percolation experiment, α-isomer 
dominated HCH patterns were eluted with no change in isomeric distribution, whereas slow 
decreasing mobilization rates with time towards constant values were observed.  
In summary, experimental setups with three types of sample material resulted in different HCH 
patterns as well as a different mobilization rate. Obviously, the observed differences are related 
to the type of sample and the corresponding interaction with the HCH contamination. Aging, 
describing changes in properties of environmental contaminants over time due to different 
environmental conditions (e.g. level of oxygen, pH value, exposure to light, type and quantity 
of microbacteria) strongly influences association and mobilization of HCHs. Prolonged aging 
under terrestrial conditions (e.g. with elevated levels of oxygen and higher exposure to light) 
results in a weaker association of HCH with particulate matter indicated by a faster 
mobilization towards a steady state than aging under subaquatic conditions. Despite 
differences in content and quality of TOC and particle size (Table 2, Table 13 in the appendix 
Chapter 7.1), no correlation was illustrated with Σ-HCH or selected isomers. 
 
Figure 13 Comparison of the outcome of batch desorption and percolation experiments using different 
samples types: soil S2 (left), sediment S8 (middle) and HCH waste W1 (right). 
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3.4 Conclusion 
 
Results from desorption experiments support the observation in the natural system. In the 
Schachtgraben canal a strong depletion of α- and ȕ-HCH was observed whereas these isomers 
exhibit the weakest mobilization in the batch desorption experiments, thus a strong adsorption 
to particulate matter can be assumed. Furthermore, as concentrations of HCH in water are 
much lower than in sediment, small changes in particulate matter composition (SOM, clay 
minerals, hydroxides) and amount have huge impact on the HCH-isomer distribution in the 
corresponding water phase. Both, analyses of the natural system and the batch desorption 
experiments revealed water-suspended matter interaction to be a dominant factor in 
composition of the isomeric pattern whereby adsorption of α- and ȕ-HCH are preferred over 
y-, į- and İ-HCH. 
In soils, a depth dependent decrease in concentration and a shift from α- to ȕ-HCH 
predomination was observed. Laboratory experiments support the assumption of an isomeric 
discrimination by preferred desorption of ȕ-HCH and subsequent leaching in subjacent soil 
layers resulting in a weaker adsorption of ȕ-HCH to terrestrial particulate matter. 
Environmental conditions seem to be responsible for the different behavior of HCH 
contaminations in different environmental matrices. Variations in aging conditions 
(subaquatic, terrestrial) change the strength of association of HCH with particulate matter. This 
results not only in different mobilization rates in total but also in preferential mobilization of 
individual isomers depending on the type of matrix. 
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4. HCH Derivatives in Industrial HCH Waste and 
Natural Samples from a Contaminated Riverine 
System 
Abstract 
Persistent organic pollutants are of major concern in environmental analyses. Thus, 
representatives such as DDT and hexachlorocyclohexanes (HCHs) were target of numerous 
investigations in the past. Investigations of HCH contaminations focused so far on 
quantification and isomeric distribution. However, detection of possible occurring higher or 
lower chlorinated HCH derivatives in environmental compartments was often neglected. 
While lower chlorinated HCH derivatives may form during degradation of HCHs in the 
environment, higher chlorinated species most likely originated exclusively from the industrial 
synthesis of HCH. As isomeric pattern of HCHs in environmental samples often deviate from 
either original application patterns, the synthetical HCH mixture or the purified pesticide 
Lindane, investigation of these higher or lower chlorinated species may provide further 
information to reveal the original pollution source. 
Thus, several samples from a contaminated riverine system in vicinity to a former HCH 
production site in Central Germany were analyzed. This area adjacent to the industrial megasite 
Bitterfeld-Wolfen is known for elevated concentrations of various organic industrial pollutants 
as legacy of decades of industrial activity and subsequent deposition of chemical waste and 
emission of waste effluents. In environmental compartments of this riverine system several 
isomers of these HCH derivatives were detected comprising the two lower chlorinated species 
tetrachlorohyclohexene (TeCCH) and pentachlorocyclohexene (PeCCH) and the higher 
chlorinated species heptachlorocyclohexane (HpCCH). Except for the uppermost soil of an 
analyzed riparian wetland, concentrations of these compounds were low. Detected isomers in 
sediment, water and soil samples correlated and dominant isomers of PeCCH and HpCCH 
were observed in the alluvial deposits. Comparisons with industrial HCH waste revealed 
isomeric patterns similar to patterns found in soil samples. Therefore, the application of 
HpCCH as indicator for industrial HCH pollution is suggested. 
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4.1 Introduction 
Hexachlorocyclohexanes (HCH) are a group of compounds well known for their persistence 
in environmental compartments and toxicity to humans and animals (Bhatt et al. 2009). They 
have been classified as persistent organic pollutants (POP) by the Stockholm Convention 
(Stockholm Convention on POPs). Although, production and application were phased out in 
most countries beginning from the 1970s and 1980s, residues from manufacture and utilization 
still impact the quality of environmental compartments worldwide (e.g. Wu et al. 1997a, 
Walker et al. 1999, Schwartz et al. 2006, Ricking and Schwarzbauer 2008, Kolarikova et al. 
2013, Venier and Hites 2014). 
Technical synthesis of HCH on industrial scale involves chlorination of benzene using UV 
radiation. The yielded mixture of five isomers, technical HCH, contains around 10-12% of the 
desired isomer Ȗ-HCH (Lindane), the only isomer showing pesticidal properties. Pure Lindane 
is obtained by subsequent recrystallization of technical HCH. Thus, technical synthesis 
generates around 8-10 t waste isomers for every ton of target isomer. By nature of the highly 
non-selective chlorination of the benzene ring, possible synthesis by-products are either higher 
chlorinated cyclohexanes, such as up to 5% hepta- and octachlorohexanes (Schulze and Weiser 
1983), or less chlorinated compounds like tetra- and pentachlorocyclohexenes. These by-
products of the Lindane production were also removed during recrystallization and likely 
deposited alongside the HCH waste. In addition to contaminations originating from the 
application of Lindane and technical HCH as pesticides e.g. in agriculture and forestry, these 
disposed waste isomers pose a significant risk for the environment (Wycisk et al. 2003). 
Noteworthy, the less chlorinated compounds tetra- and pentachlorocyclohexenes are thus far 
largely considered as anaerobic and aerobic degradation products of HCHs, respectively 
(Phillips et al. 2005, Rodriguez-Garrido et al. 2010, S. L. Li et al. 2011). Therefore a 
superimposition of synthetized compounds and products of biotic degradation can be assumed. 
To our knowledge lower and higher substituted HCH derivatives were not considered 
adequately in common environmental analyses so far. Occurrence of these compounds in 
environmental compartments (Barriada-Pereira et al. 2005, Ricking and Schwarzbauer 2008) 
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or in degradation experiments (Rodriguez-Garrido et al. 2004, Quintero et al. 2005, Bala et al. 
2012) were reported only rarely. 
HCHs were produced on an industrial scale at numerous sites in the former German 
Democratic Republic. One facility located in Bitterfeld-Wolfen in Central Germany produced 
HCH from 1951 to 1982. Total amounts of HCHs produced at this site from 1967 until 
termination was estimated around 73000 t (5400 t Lindane). Disposal of waste isomers in 
former opencast pits and further depots formed heavily contaminated areas. Elevated 
concentrations of various HCH isomers in environmental compartments of the adjacent 
riverine system after ceasing industrial production at local chemical factories were revealed by 
several studies (Wilken et al. 1994, Heemken et al. 2000, Marth et al. 2000, Franke et al. 2005, 
Heinisch et al. 2005, Schwartz et al. 2006, Barth et al. 2007). Pollution of the environment is 
not limited to the local area. This industrial legacy still severely impacts the quality of one of 
Germany’s largest rivers further downstream, the Elbe River (Heininger et al. 2004, Gotz et 
al. 2007). 
For this industrially affected area, the occurrence and pattern of especially lower but also 
higher chlorinated HCHs might be the result of technical waste disposal, transfer processes, or 
biotic transformation. In this study, we investigate polluted water, sediment and soil from a 
riverine system (natural samples) downstream the industrial area as well as matured waste of 
HCH production. Main targets were higher chlorinated derivatives of HCHs, especially hepta- 
(HpCCH) and octachlorocyclohexane (OcCCH) and the lower chlorinated species tetra- 
(TeCCH) and pentachlorocyclohexene (PeCCH) as shown in Figure 14. In addition, a lab 
experiment was conducted to estimate potential diluted effluent from the matured waste caused 
by e.g. rainfall on non-sealed HCH waste deposits, thus examining transfer processes. On the 
basis of isomeric patterns of the target compounds detected in industrial waste and samples of 
environmental compartments from the riverine system, we assessed whether occurrence of 
these compounds in the environment originated mainly from the industrial waste and related 
effluents or from formation in environmental compartments by degradation of HCHs. 
Similarity between patterns in the industrial waste and natural samples suggests an origin 
during the synthetic formation of HCHs, whereas a derivation by degradation is implied by 
different, isomeric patterns. HpCCH may act as reference point and tracer for the fate of these 
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chlorinated cyclohexane derivatives in environmental compartments. Typical degradation 
processes of HCHs involve the removing of chlorine atoms from the benzene ring. Thus, 
formation of additional isomers of HpCCH during degradation processes is unlikely. In 
addition, comparison of the concentrations of target compounds with respective recalcitrant 
HCHs such as ȕ-HCH indicates shifts in concentration due to depletion or accumulation in a 
certain sample and were therefore included in the discussion for reference. 
 
 
Figure 14 Molecular structures of selected lower and higher chlorinated HCH derivatives potentially 
formed during technical synthesis of HCHs. For simplification only one isomer of each species is 
shown. It was pointed out that biotic degradation of HCH isomers results in different isomers of 
degradation products (S. L. Li et al. 2011, Geueke et al. 2013). 
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4.2 Material and Methods 
 
4.2.1 Sample Material 
In October 2012 water, sediment, and soil samples from the Mulde River, Germany, were 
taken. Sampling sides were located around Jeßnitz near the industrial area of Bitterfeld-Wolfen 
in Saxony-Anhalt. Sampling, sampling methods and storage are described in detail previously 
(see Chapter 1.4.2). The following samples were analyzed for lower and higher substituted 
HCH derivatives: one water sample from the beginning of the Schachtgraben drainage canal, 
one sediment sample of the Spittelwasser creek further downstream, three soil samples from a 
testing pit of the adjacent floodplain, and a sample of matured industrial HCH waste. In 
addition batch shaking experiments with the industrial HCH waste were conducted as 
described previously (see Chapter 3.2.3). Briefly, to 4x50 mg industrial HCH waste 40 mL 
Spree River water (unpolluted by HCHs) was added, respectively, and shaken with 7 rpm in 
an overhead shaker. After 4 h, 24 h, 1 week and 2 weeks the samples were centrifuged and the 
liquid phase was replaced. For the purpose of this study, the combined water samples of the 
24 h shaking period were analyzed as well as the residual HCH waste after completion of the 
experiment. 
 
4.2.2 Extraction and Fractionation 
Extraction and fractionation were conducted according to Chapter 3.2.2. Briefly, water samples 
were extracted sequentially by liquid-liquid extraction in aliquots of 1 L with 50 mL of n-
pentane, 50 mL of DCM, and 50 mL of DCM after acidification to pH 2 using conc. HCl. For 
quantification a surrogate standard mixture consisting of fluoroacetophenone (7.2 ng/µL), 
decafluorobenzophenone (7.0 ng/µL) and d34-hexadecane (6.0 ng/µL) was then added and the 
extracts were concentrated to approximately 50 µL. 
Sediment and soil samples were extracted in quantities of 10 g by ultrasonic agitation with 100 
mL acetone and 100 mL n-Hexane. After separation from dispersed solid material, extracts 
were combined and concentrated to approx. 5 mL. Drying over anhydrous sodium sulfate was 
followed by a further concentration to approx. 1 mL and subsequently treated with activated 
copper powder. Using glass micro columns packed with 2 g of active silica gel subsequent 
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stepwise fractionation was carried out by elution with 5 mL n-pentane, 8.5 mL n-pentane/DCM 
95:5 (v/v), 5 mL n-pentane/DCM 90:10 (v/v), 5 mL n-pentane/DCM 40:60 (v/v), 5 mL DCM 
and 5 mL MeOH. For quantification a surrogate standard mixture consisting of 
fluoroacetophenone (7.2 ng/µL), decafluorobenzophenone (7.0 ng/µL) and d34-hexadecane 
(6.0 ng/µL) was added and fractions were concentrated to a final volume of approx. 50 µL 
prior to GC/MS analyses. 
 
4.2.3 Gas Chromatographic Mass Spectrometric Analyses, GC/MS 
GC/MS analyses of soil samples were carried out on a double-focusing sector field mass 
spectrometer Finnigan MAT 95 (Finnigan MAT, USA) linked to a Model 5890 Series II gas 
chromatograph (Hewlett Packard, USA) equipped with a 30 m x 0.25 mm i.d. x 0.25 µm ZB-
1 fused silica capillary column (Phenomenex Inc., USA). 1 µL of sample was injected in 
splitless mode with an injector temperature of 270°C and a splitless time of 60 s. The GC oven 
was programmed from hold for 3 min, then heated to 310°C with a rate of 5°C/min. Final 
isothermal time was 20 min. The mass spectrometer was operated in electron impact ionization 
mode (EI+, 70 eV) in low resolution scanning from 35-700 amu at a rate of 1.0 scans/decade 
and an interscan time of 0.1 s. The source temperature was held at 200°C. Helium carrier gas 
velocity was approximately 30 cm/s. 
GC/MS analyses of water, sediment and waste samples were carried out on a Trace MS 
quadrupole mass spectrometer (ThermoQuest, Italy) linked to a Trace GC gas chromatograph 
(ThermoQuest, UK) with a 30 m x 0.25 mm i.d. x 0.25 µm ZB-XLB fused silica capillary 
column (Phenomenex Inc., USA) with the chromatographic conditions described above. The 
mass spectrometer was operated in electron impact ionization mode (EI+, 70 eV) in low 
resolution scanning from 35-700 amu at a scan rate of 1.5 scans/s. The source temperature was 
held at 200°C. Helium carrier gas velocity was approximately 40 cm/s. 
 
4.2.4 Quantification 
Isomers of chlorinated cyclohexane derivatives were quantified by integration of the ion 
chromatograms 147 m/z and 149 m/z for tetrachlorocyclohexenes (TeCCH), 181 m/z and 183/z 
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for pentachlorocyclohexens (PeCCH), 217 m/z and 219 m/z for HCH, and 253 m/z and 255 
m/z for heptachlorocyclohexanes (HpCCH). Quantification was carried out by an external 
four-point calibration using response factors from HCH isomers. For correction of injection 
volume and sample volume inaccuracies the results were corrected using the surrogate 
standard. Determination of recovery rates for HCH in soil, sediment and water samples were 
described elsewhere (see Chapter 3.2.6). Recovery rates for TeCCH, PeCCH and HpCCH were 
estimated by values of HCHs isomers (recovery rates and abs. STD: (59±10) in soil and 
sediment samples, and (112±20) in water samples). Recovery rates were considered for 
quantitative data reported. All data of particulate matter are given on dry matter basis. 
 
4.3  Results and Discussion 
 
4.3.1 Matured Industrial Waste 
Analysis of matured industrial HCH waste revealed numerous isomers of TeCCH, PeCCH, 
and HpCCH. Isomers of OcCCH were not detected in the industrial waste. Relative 
concentrations of TeCCH, PeCCH, and HpCCH isomers were calculated by normalization 
based on the least concentrated isomer of each derivative species in the industrial waste and 
are shown in Table 10. Compared to the main component of the waste sample, the major 
isomers of HCHs, these species occurred in lower concentrations <0.5% of Σ-HCH. Relative 
concentrations of TeCCH and HpCCH isomers were (2:1:1) and (2:1:1:1), respectively. 
PeCCH isomers showed a pattern of (3:1:1:28) in their relative concentrations. Two additional 
isomers of PeCCH were detected below the limit of quantification. 
Batch experiments using this industrial HCH waste resulted in detection of additional isomers 
for each identified species in the analyzed waste residue after the experiment. For TeCCH and 
HpCCH one additional isomer was detected, whereas the two isomers of PeCCH previously 
detected below the limit of quantification were quantifiable. In addition, slight shifts in relative 
concentrations occurred. Relative concentrations of TeCCH shifted towards equal distribution 
of the detected isomers (1:1:1). The additional isomer had only a minor contribution to the 
distribution (0.3). Overall percentage of TeCCH compared to total HCH remained nearly 
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constant, therefore only a minor fraction of TeCCH dissolved. A more considerable shift was 
detected in the pattern of PeCCH. Previously detected isomers of PeCCH shifted towards a 
pattern of (4:1:23), while the additional isomers exhibit comparatively lower portion 
(0.4:0.03). Percentage of PeCCH isomers increased slightly when compared to the total HCH 
content. The previously detected pattern of isomers of HpCCH remains after water treatment. 
Contribution of the additional detected isomer of HpCCH to the isomeric distribution was 
irrelevant (0.1). Relative concentration in respect to HCH values increased the most of all 
analyzed chlorinated cyclohexane derivatives when compared to HCH (one isomer of PeCCH 
and HpCCH ≥1% of Σ-HCH) indicating a small accumulation of these isomers in the remaining 
waste after treatment with water. However, general isomeric composition of the industrial 
waste was not changed by the batch experiment. 
Table 10 Relative concentrations of detected isomers of TeCCH, PeCCH, and HpCCH in industrial 
waste and natural samples. Concentration of the least concentrated isomer of each species in the 
industrial waste sample (bold red) was chosen for concentration normalization (except for certain 
isomers in the water sample – bold green).  
  Waste Waste Residue Waste Effluent Uppermost Soil Sediment Water 
T
e
C
C
H
 
2 1 2  
  
1 1 1 1 1 1 
1 1 8  1  
  
1  
  
  0.3 0.5       
P
e
C
C
H
 
3 4 44  
  
1 1 29 2  
 
1 1 1 1  
 
28 23 36 27  1 
+ 0.4 2  
  
+ 0.03 0.5       
H
p
C
C
H
 2 2 4    
1 1  25  1 
1 1 1  
  
1 1 1 1  
 
 
0.1 0.3 3  
 
 
Analysis of the effluent of the water treatment of the industrial waste sample showed one 
additional isomer of TeCCH. In addition, relative concentrations of TeCCH isomers shifted, 
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resulting in a distribution pattern of (2:1:8:1:0.5), whereas the newly detected isomers 
contributed with a relative concentration of (1). Pattern of relative concentration of PeCCH 
shifted towards (44:29:1:36:2:0.5) indicating a preferred mobilization of two isomers relative 
to the other (44:29). One isomers of HpCCH could not be detected in the effluent of the 
experiment, while the pattern of the remaining isomers shifted towards (4:1:1:0.3). 
By comparing isomeric compositions of target compounds in industrial waste and experimental 
waste effluent, a distinct difference was observed. Overall concentrations of the chlorinated 
cyclohexane derivatives PeCCH, and HpCCH were higher in the waste effluent sample than 
in the waste or waste residue samples when compared to their respective total HCH 
concentrations. Therefore, in case of intensive contact with water e.g. by rainfall a preferred 
transport of PeCCH and HpCCH from industrial HCH waste with percolating water can be 
assumed. Detection of additional isomers in the waste residue and waste effluent is likely 
caused by overall dilution of sample material, therefore raising sensitivity for lower 
concentrated isomers, thus underestimating the quantity of possible compounds release in the 
environment. However, isomerization within one species of chlorinated cyclohexane 
derivatives, described by Deo et al. (1980) for HCHs, is possible as well as further degradation 
of HCHs. In addition, analysis of the effluent suggests a minor preferred mobilization of one 
isomer of TeCCH and HpCCH, respectively, and a strong preferred mobilization of two 
isomers of PeCCH with water. 
 
4.3.2 Natural Samples 
Analyses of natural samples revealed a different pattern of the target compounds in each 
analyzed environmental compartment (see Figure 15). Typical chromatograms of 
characteristic ions are shown in Figure 16. OcCCH was not detected in any analyzed sample. 
Overall concentrations of detected chlorinated benzene species TeCCH, PeCCH, and HpCCH 
were low compared to concentrations of HCH isomers. Total concentrations of these 
compounds account up to 10% of the total HCH concentration in the uppermost soil layer, 
decreasing to 2.7% and 1% for the subjacent soil layers, respectively. The sediment and water 
samples exhibited even lower concentrations of 0.5% and 0.9% of the total HCH concentration 
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in their respective samples. Therefore, an accumulation of these chlorinated benzene species 
is illustrated mainly in soils. 
TeCCH was detected in concentrations of 64 ng/g (one isomer) in the uppermost soil layer, but 
not in subjacent layers, of 38 ng/L (one isomer) in the water sample of the Schachtgraben canal 
and of up to 7 ng/g (two isomers) in the sediment sample. Compared to corresponding 
concentrations of HCHs in the samples, concentrations of TeCCH were very low (<1% of Σ-
HCH). Therefore, the environmental impact of TeCCH can be assumed as negligible. An 
additional isomer of TeCCH was detected in the sediment sample. 
 
Figure 15 Concentrations of detected chlorinated cyclohexane derivatives TeCCH, PeCCH, and 
HpCCH in analyzed natural samples: Soil samples a (0-6 cm), b (6-24 cm), c (24-30 cm), sediment 
sample d, and water sample e. Consistent coloring indicates the same isomer of a compound is found 
in multiple samples. 
PeCCH was detected in concentrations of up to 7800 ng/g (up to three isomers) in soil samples 
and of 120 ng/L (one isomer) in the water sample. PeCCH was not detected in the sediment 
sample. Relative concentrations of PeCCH were high with up to 6% of Σ-HCH for a single 
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isomer in the uppermost soil layer and very low (<1% of Σ-HCH) in the water sample. A 
distinct pattern of PeCCH isomers was exhibited in the uppermost soil sample. Two isomers 
showed low concentrations followed by one isomer of higher concentration. The dominance 
of this isomer proceeded in the subjacent soil layers.  
HpCCH was detected in concentrations of up to 4000 ng/g (up to three isomers) in soil samples 
and of 18 ng/L in the water sample. HpCCH was not detected in the sediment sample. Relative 
concentrations of HpCCH were comparable to PeCCH values. Likewise, a pattern of HpCCH 
isomers was detected in the uppermost soil layer, whereas the dominant isomer was detected 
in subjacent soil layers. 
Dominant isomers of TeCCH, PeCCH, and HpCCH detected in soil correlated with the isomers 
found in the water sample. Therefore a link between these two environmental compartments is 
obvious. Concentrations of PeCCH and HpCCH in soil were also considerably high, pointing 
out their potential environmental hazard. Although concentrations of PeCCH and HpCCH in 
the most recent soil were elevated, other environmental compartments exhibited only minor 
pollutions by the target compounds. Results from sediment and water analyses suggest 
negligible input from these source at the time on the quality of the analyzed soil. Although 
PeCCH may accumulate in soil due to formation by aerobic degradation of HCHs, this 
approach cannot explain the content of HpCCH detected in soil. Therefore, if past effluents of 
industrial HCH waste caused pollution of HpCCH in soil, run-off patterns from HCH waste 
should include a substantial amount of HpCCH. In addition, assuming no discrimination in 
degradation of HpCCH isomers, isomeric distribution in the effluent pattern should be similar. 
Figure 16 GC-MS chromatograms of characteristic ions of TeCCH (149 m/z), PeCCH (183 m/z), and 
HpCCH (255 m/z) in analyzed natural samples. Peaks of each detected species of chlorinated 
cyclohexane derivatives above limit of quantification are marked by arrows. The split in the last peak 
of PeCCH in the middle chromatogram is likely caused by an error during recording. 
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4.3.3 Comparison of Isomeric Distributions in Nat. Samples and Ind. Waste 
Comparisons of patterns of the target species detected in industrial waste samples and natural 
samples (see Table 10) revealed a correlation between patterns of PeCCH found in the 
industrial waste and soil samples. Both sample patterns featured the same dominant and less 
dominant isomers of PeCCH in a similar distribution. However, the first, penultimate and last 
eluting isomers of PeCCH were not detected in any natural sample. Whereas the absent of the 
penultimate and last isomer may be explained by overall low concentrations in the industrial 
waste, relative concentrations of the first isomer were higher. Therefore isomer discriminating 
processes are illustrated, leading to a depletion of this isomer in natural samples.  Furthermore, 
the pattern of PeCCH exhibited by the industrial waste effluent was not found in natural 
samples. In particular, the dominant isomer of PeCCH found in the waste effluent was not 
detected in soil or water to this extent. The second eluting isomer was detected but in lower 
relative concentrations than in the waste effluent, whereas the relative concentrations of the 
remaining two isomers of PeCCH also resembled the waste effluent pattern.  While this may 
suggest a preferred transport of the first and second eluting PeCCH isomer by water instead of 
association with particulate matter, this assumption is not supported by the analyzed water 
sample where only the dominant isomer of the solid industrial waste is detected. Therefore, 
involvement of additional, isomer discriminating processes like degradation, transfer or 
transport is suggested. 
HpCCH showed a different pattern in the analyzed soil than in waste samples. Although 
roughly equal in isomeric distribution in the industrial waste, one isomer of HpCCH was 
predominant in the analyzed soil. This may result from isomeric discrimination during 
degradation, transport and transfer processes and subsequently indicate an accumulation of this 
isomer in terrestrial particulate matter. 
The lack of additional isomers of TeCCH in natural samples allowed no assumption for this 
isomer. Patterns of TeCCH from industrial waste samples were not found in natural samples. 
This may be caused by a fast degradation of this species in the environment. 
 
4.3.4 Ratios of Detected Chlorinated Cyclohexane Derivatives 
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To assess the longevity and source of detected chlorinated cyclohexane derivatives, we 
compared their concentrations to the respective concentration of the more recalcitrant 
compounds HpCCH and ȕ-HCH. HpCCH was chosen as reference point based on the 
assumption that higher chlorinated compounds are in general more persistent than lower 
chlorinated species and chlorination as a degradation pathway is much less common than 
dechlorination or dehydrochlorination. Thus, formation of HpCCH as degradation product is 
unlikely. However, certain enzymes were shown to degrade HpCCH more readily than the İ-
HCH isomer (Bala et al. 2012). Therefore ȕ-HCH was chosen as a second reference point. It 
exhibits the highest resistance of all HCH isomers against biological and non-biological 
degradation, as well as strong lipophilic abilities. Isomerization to ȕ-HCH from other HCH 
isomers can be neglected. Therefore, it is less susceptible to depletion processes than most 
other chlorinated cyclohexane derivatives. In addition, ȕ-HCH was present in every analyzed 
sample and hence calculation of ratios was always possible. Ratios were calculated by dividing 
the total concentration value of a certain species of chlorinated cyclohexane derivatives in one 
sample by the respective concentration of HpCCH or ȕ-HCH. Thereby, on the one hand an 
increase in the ratio compared to the industrial HCH waste indicates an increase in the content 
of this species compared to HpCCH or ȕ-HCH (or a decrease of the later) and may result from 
accumulation of these compounds. On the other hand, a decreasing ratio compared to the 
industrial HCH waste indicates a decrease in content of this species compared to HpCCH or 
ȕ-HCH (or an increase of HpCCH or ȕ-HCH through e.g. accumulation) and may stem from 
fast degradation of these compounds. Ratios only provide information of the current status of 
a sample and cannot reflect pathways to this state. Possible ways to achieve a certain ratio 
besides degradation are preferred evaporation, solubility, association with particulate matter, 
and transport and transfer processes. 
Calculated ratios are shown in Table 11. In the industrial waste sample ȕ-HCH ratios were 
very low around 0.01 to 0.0γ, showing a dominating content of ȕ-HCH. HpCCH ratios showed 
an equal distribution of PeCCH and HpCCH. Both isomers showed clear dominance over 
TeCCH. Treatment with water results only in a slight increase of the HpCCH/ȕ-HCH ratio to 
0.12 in the residual waste likely caused by dilution or reduced matrix effect and therefore 
increased sensitivity of the GC-MS-detector. Decreases in TeCCH/HpCCH and 
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PeCCH/HpCCH ratios suggested a preferred depletion of TeCCH and PeCCH over HpCCH. 
Consequently, ratios of ȕ-HCH in effluent waste water sample from this experiment exhibited 
an increase by a factor of ~10 for TeCCH/ȕ-HCH, ~β0 for HpCCH/ȕ-HCH and by a factor of 
40 for PeCCH/ȕ-HCH indicating increased solubility of these compounds compared to ȕ-HCH. 
In addition, HpCCH ratios also indicated a preferred mobilization of PeCCH, whereas the 
distribution of TeCCH to HpCCH remained similar to the industrial waste. This waste effluent 
patterns were not detected in natural water and sediment samples. In the water sample, 
calculated ȕ-HCH ratios were more similar to the original industrial waste proving no direct 
relation between effluent water from waste and run-off water discharging in the riverine system 
currently. HpCCH ratios showed a relative depletion of HpCCH in this sample. The calculated 
TeCCH/ȕ-HCH ratio in the sediment sample comparable to the industrial waste may indicate 
the ongoing formation of TeCCH as anaerobic degradation product of HCHs, but no 
accumulation can be observed. Therefore, fast further degradation of TeCCH is suggested. The 
aerobic degradation product PeCCH and HpCCH were non-existent in this sample, indicating 
no transfer of PeCCH and HpCCH from water to deposited particulate matter. In contrast, low 
ratios of TeCCH/ȕ-HCH in soil samples imply only minor formation and/or fast degradation 
of the anaerobic product after formation. Depletion of TeCCH in respect to the industrial waste 
was also suggested by the lower TeCCH/HpCCH ratio. Ratios of PeCCH/ȕ-HCH and 
HpCCH/ȕ-HCH in the uppermost soil layer were roughly half of the values found in effluent 
water decreasing with increased soil depth. PeCCH/HpCCH ratio suggests a slight increase in 
PeCCH content. Ratios in deeper soil layer imply a faster degradation of PeCCH and HpCCH 
than of ȕ-HCH and an elevated amount of PeCCH in respect to HpCCH. 
This approach points clearly to a dominant release of lower and higher chlorinated HCH 
derivatives as a result of industrial waste discharge. 
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Table 11 Content of ȕ-HCH (*in µg/g; for water samples in ng/L) in analyzed samples and calculated 
ratios of species of chlorinated cyclohexane derivatives. 
  
β-HCH* TeCCH/β-
HCH 
TeCCH/HpCCH PeCCH/β-
HCH 
PeCCH/HpCCH HpCCH/β-
HCH 
Waste Sample 4000 0.01 0.21 0.03 0.98 0.03 
Waste Residue Sample 12000000 0.01 0.1 0.06 0,50 0.12 
Waste Effluent Sample 62 0.12 0.24 1.31 2.70 0.49 
Soil Sample 0-6 cm 17 <0.01 0.01 0.51 1.76 0.27 
Soil Sample 6-24 cm  13 <0.01 <0.01 0.05 8.82 0.01 
Soil Sample 24-30 cm 3.7 <0.01 <0.01 0.01 3.90 <0.01 
Sediment Sample 0.74 0.02 - <0.01 - <0.01 
Water Sample 2.2 0.02 2.16 0.05 6.73 0.01 
 
4.4 Conclusion 
Besides a well-known pollution of environmental compartments by HCHs, addition lower and 
higher chlorinated cyclohexane species were detected in natural samples and matured 
industrial HCH waste of the industrial area Bitterfeld-Wolfen, Germany. Proportions of these 
compounds compared to total HCH concentrations of a waste sample were very low and, in 
case of HpCCH much lower than expected by past reports. Experiments with the mature waste 
revealed an elevated amount of PeCCH in corresponding, contaminated effluent water. 
Isomers of TeCCH, PeCCH, and HpCCH were detected in soil, water, and sediment samples 
of the riverine system adjacent to the industrial area. Analyzed isomers of TeCCH, PeCCH, 
and HpCCH in water and sediment correlate with isomers found in soil. Soil depicted patterns 
and preferred occurrence of certain isomers of PeCCH and HpCCH at low to medium 
concentrations. The analyzed sediment sample exhibited only very low concentrations of 
TeCCH. Isomers from all three chlorinated cyclohexane species were present in low 
concentrations in an analyzed water samples. Thus, except for the most recent soil, 
quantification of target compounds showed a considerably lower environmental impact than 
HCHs, which remain, by far, main representatives of chlorinated cyclohexane species in the 
analyzed natural samples. 
Ratios were calculated from the content of TeCCH, and PeCCH compared to respective values 
of HpCCH and content of TeCCH, PeCCH, and HpCCH compared to respective values ȕ-
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HCH. These ratios indicate no accumulation of TeCCH in soil and water and sediment and a 
preferred occurrence in water with respect to HpCCH. Elevated PeCCH/HpCCH ratios in soil 
suggest either a depletion of HpCCH or accumulation of PeCCH in soil. Although, aerobic 
degradation of HCHs to PeCCH is highly relevant in soil, detected pattern of this species 
compared to industrial waste showed no further formation of preferred isomers. This illustrates 
similar processes continuing in industrial waste and soil. Transfer and transport processes were 
unable to drastically change isomeric distribution of PeCCH during the transition from waste 
to soil.  PeCCH and HpCCH showed minor accumulation in recent soil, but no further long-
term accumulation in deeper soil layers, as well as water and sediment. Therefore it can be 
concluded that although TeCCH, PeCCH and HpCCH are more easily soluble from industrial 
HCH waste than ȕ-HCH, this does not affect their current occurrence in the environment. 
Although recent soil showed elevated concentrations of PeCCH and HpCCH, depletion of 
these compounds are fast compared to HCHs and deeper soil layers are therefore much less 
contaminated by these derivatives.  
Although TeCCH and PeCCH are presumably part of various degradation pathways of HCHs, 
similar isomeric patterns of PeCCH detected in soil samples and industrial waste suggest their 
source of emission in located deposits of industrial HCH waste and an ongoing, similar process 
in both compartments. However, the environmental behavior of HpCCH revealed to be 
different. Because HpCCH is no degradation product, the deviating pattern detected in soil 
suggests a preferred accumulation of certain isomers of HpCCH in environmental 
compartments. The results imply that HpCCH may act as a suitable indicator for industrial 
discharge of HCH waste in contrast to agricultural use of lindane. 
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5.  General Conclusion 
In this study, organic industrial pollutants in the riverine system adjacent to a former industrial 
megasite were investigated. This particular megasite next to Bitterfeld-Wolfen in Central 
Germany has an over a century long history of industrial activity. As consequence of lax 
environmental regulations in the past, this area and the adjacent riverine system of the Mulde 
River are known for their elevated concentrations of numerous organic pollutants such as 
DDX, PCDD/F, HCBs and HCHs. Furthermore, heavily contaminated environmental 
compartment such as sediment and water severely affect subaquatic ecosystems of the Elbe 
River further downstream. 
Industrial pollutants were detected in sediment samples of the Mulde River in 1993. However, 
trends in concentrations indicated a distinct influence of the industrial area. Downstream of the 
megasite numerous compounds were detected in elevated concentrations. Certain pollutants 
were detected exclusively in sediment samples downstream of Bitterfeld-Wolfen and did not 
occur upstream. Therefore, an emission from local industrial-related sources can be assumed. 
Compounds exhibiting this behavior included by-products and reactants stemming from 
various industrial processes and are therefore strong indicative or highly source-specific of 
local industrial emission and former industrial activity. Furthermore, other pollutants showed 
elevated concentrations downstream of the industrial area, thereby indicating increased 
emission of these compounds by sources located in or near the megasite. Application of these 
common substances like flame retardants and pesticides were however not limited to the 
industrial sector and were therefore only moderate indicative for local industrial emissions. 
Thus, a set of organic indicators for organic industrial contamination was created, highlighting 
local industrial production between the mid and late 20th century. Subsequently, industrial 
pollutants in alluvial deposits on floodplains in vicinity to the megasite were traced utilizing 
this set of compounds. Around 10 and 20 years after detection in subaquatic sediment samples, 
almost every strong indicative substance could also be detected in the analyzed soil samples. 
Therefore, applicability of this compound set as potential industrial tracers was proven. In 
addition, concentration of most moderate indicators were elevated in the uppermost, recent 
soil layer. Continuous emission of organic industrial pollutions by the megasite contaminating 
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the riverine system after cessation of major industrial production is suggested. Furthermore, a 
compound specific dependency of these secondary pollution pathways is suggested by the 
elevated concentrations of recalcitrant compounds such as DDT and HCH in recent soil 
samples compared to concentrations of strong indicators. 
Secondary pollution pathways are subject to environmental processes. Thus, processes such as 
volatility, degradation, transfer, and transport may change the distribution of organic pollutants 
detected in the environment. In particular, HCHs exhibited isomeric patterns in environmental 
compartments that deviated from either Lindane or the techn. HCH mixture. In addition, the 
type of environmental compartment does not necessarily determine the detected isomeric 
pattern. Isomeric patterns of HCHs in the Schachtgraben canal shifted along its flow, strongly 
depleting α- and ȕ-HCH in favor of the į-isomer. Complementary, weak mobilizations of α- 
and ȕ-HCH were concluded by desorption experiments. Therefore, strong association with 
particulate matter is suggested. Thus, composition and amount of particulate matter severely 
influence the isomeric distribution of HCHs as concentration of these compounds in water was 
comparatively low. In the aquatic environment, interaction between water and suspended 
particulate matter proved to be an important factor determining the isomeric distribution of 
HCHs by preferential adsorption of α- and ȕ-HCH. Deposited on floodplains, additional 
environmental processes were observed in terrestrial particulate matter. Here, a depth-
dependency was revealed in both concentration and isomeric distribution of HCHs. With 
increasing depth, concentration of HCHs decreased and the detected pattern shifted from α - 
to ȕ-HCH predomination. Weak adsorption to terrestrial particulate matter as a result of 
preferred desorption of ȕ-HCH was observed in complementary lab experiments. This different 
behavior of HCHs isomers leading to different isomeric distributions can be attributed to the 
so-called ‘aging’ effect. The environmental fate of HCHs is determined by conditions such as 
oxygen level, pH-value and exposure to sun light. These factors change the strength of the 
HCH-particulate matter association and thereby participate in formation of the isomeric 
patterns of HCHs as well as isomer-dependent mobilization from matrices. 
The occurring shifts in the isomeric patterns of HCHs can prevent identification of pollution 
sources. Therefore, other compounds not subject to shifts in isomeric distributions are 
necessary. By-products of the HCH production constitute possible indicators of the application 
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of techn. HCH, where no purification was performed. In addition, the residual industrial HCH 
waste after the purification process also includes these by-products. By-products consist of 
lower or higher chlorinated cyclohexane species which are formed during industrial HCH 
synthesis. In particular, TeCCH, PeCCH, and HpCCH were observed in environmental 
samples of the riverine system adjacent to the megasite as well as in the matured industrial 
waste. While TeCCH and PeCCH also constitute degradation products of HCHs, isomers of 
HpCCH are solely formed during the original synthesis of HCHs. Overall concentrations of 
these compounds in the environment were low except in the uppermost soil layer of an 
analyzed floodplain. Thus, the environmental impact of these compounds is significantly lower 
than the impact of HCHs. However, detected isomeric patterns of TeCCH, PeCCH, and 
HpCCH in samples of the aquatic environment exhibited similarities to patterns detected in 
soil samples. In addition, observed patterns of these species in the analyzed matured industrial 
HCH also showed a correlation to patterns found in soil samples. Hence, a shared origin can 
be assumed. Noteworthy, preferred mobilization of these species over HCH isomers was 
observed in lab experiments. The results suggest the possible application of HpCCH as an 
indicator for the contamination of the environment by e.g. waste water effluents affected by 
techn. HCH or industrial HCH waste. The composition of HCHs is subject to environmental 
processes which change this distribution. Thus, sole comparisons of isomeric patterns of HCH 
are not sufficient to determine the source of contamination.  
Based on the presented results future investigation objectives arise. The extended impact of 
the industrial megasite Bitterfeld-Wolfen on riverine systems downstream was shown by 
means of non-source-specific compounds such as DDT and HCH. Detection of higher source-
specific compounds from the established set of strong indicators can verify these findings. In 
addition, further investigations can target other environmental processes responsible for shifts 
in the isomeric distribution of HCHs such as interactions in groundwater bodies. Furthermore, 
additional tests for the application of HpCCH as tracer for techn. HCH pollution are needed 
for not investigated environmental compartments like groundwater, air, and biota. 
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7.  Appendix 
 
 
 
 
Table 12 GPS coordinations of sampling points given in decimal degrees [°]. 
Sample No. Latitude Longitude 
   
S1, L1 51.66537859 12.28868636 
L2 51.68337981 12.29405447 
L3 51.68911622 12.29342616 
S2-S7 51.69012859 12.28981155 
L4 51.69212356 12.28900161 
S8, L5 51.70405319 12.2914772 
 
 
Table 13 Particle size distribution of sediment and soil samples used in batch desorption and 
percolation experiments. Data provided by the German Federal Institute of Hydrology. 
Sample 
No. 
>2000 
µm 
2000-630 
µm 
630-200 
µm 
200-63 
µm 
63-20 
µm 
<20 
µm 
       
S2 0 2 9 23.8 22.7 40.2 
S8 23.5 30.1 39.6 2.6 2.4 1.4 
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7.1 Supplementary Materials to Chapter 2 
 
7.1.1 Figures 
 
Figure 17 Chemical structure of selected nitrogen-containing compounds detected in samples of the 
Mulde River. Data published by Schwarzbauer (1997). 
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Figure 18 Chemical structure of selected chlorinated compounds detected in samples of the Mulde River. 
Data published by Schwarzbauer (1997). 
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Figure 19 Chemical structure of selected sulfur-containing compounds detected in samples of the Mulde 
River. Data published by Schwarzbauer (1997). 
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Figure 21 EI+-mass spectrum of 1-(4-chlorophenyl)prop-2-en-1-one. Data published by Schwarzbauer 
(1997). 
Figure 20 EI+-mass spectrum of 1-(4-chlorophenyl)-3-methoxypropan-1-one. Data published by 
Schwarzbauer (1997). 
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Figure 22 EI+-mass spectrum of 1,1,1,2,2-pentachloroethylbenzene. Data published by Schwarzbauer 
(1997). 
Figure 23 EI+-mass spectrum of di-4-tolylsulfate. Data published by Schwarzbauer (1997). 
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Figure 24 EI+-mass spectrum of 4-aminophenylsulfonic acid phenylester. Data published by Schwarzbauer 
(1997). 
Figure 25 EI+-mass spectrum of 4,4‘-dichlorodiphenyl sulfide. Data published by Schwarzbauer (1997). 
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7.1.2 Tables 
 
Table 14 Identification and quantification of organic compounds in sediment and soil samples from the 
riverine system of the Mulde River. Given characteristic ions were used to identify and quantify 
compounds. Quantitative data values were corrected by recovery rates. Otherwise used recovery rates 
and further origin of recovery rates are referenced in comments. Characteristic ions and recovery rates 
of compounds below limit of detection were omitted. Data published by Schwarzbauer (1997). 
compound characteristic ions recovery rate[%] comment 
Halogenated compounds    
    
Halogenated aliphatics    
Pentachlorobutadiene 226, 228 41 Hexachlorobutadiene 
Hexachlorobutadiene 260, 262 41  
    
Halogenated monoaromatics    
Trichlorobenzene (3 isomers) 180, 182 53  
Tetrachlorobenzene (3 isomers) 214, 216 55  
Pentachlorobenzene 250, 252 66  
Hexachlorobenzene 284, 286 81  
Bromochlorobenzene 190, 192 48  
Bromodichlorobenzene (2 isomers) 258, 260 48 Bromochlorobenzene 
Dichlorotoluene (2 isomers)  160, 162 53 Trichlorobenzene 
Trichlorotoluene (3 isomers) 194, 196 53 Trichlorobenzene 
Tetrachlorotoluene (2 isomers) 228, 230  55 Tetrachlorobenzene 
Pentachlorotoluene (2 isomers) 262, 264 66 Pentachlorobenzene 
Hexachlorotoluene 261, 263 81 Hexachlorotoluene 
Bis(chloromethyl)benzene (3 isomers) 139, 141 30  
1,1,1,2,2-Pentachloroethylbenzene 159, 161 73  
Trichlorostyrene 206, 208 53 Trichlorobenzene 
Tetrachlorostyrene  240, 242 55 Tetrachlorobenzene 
Pentachlorostyrene  276, 278 66 Pentachlorobenzene 
Heptachlorostyrene  310, 312 66 Pentachlorobenzene 
Octachlorostyrene 378, 380 81 Hexachlorobenzene 
    
Chlorinated phenols and anisols    
Trichloroanisole (3 isomer) 210, 212 47 Tetrachloroanisole 
Tetrachloroanisole (2 isomers) 246, 248 47  
Pentachloroanisole 280, 282 72  
    
Chlorinated aromatic acids and carbonyl compounds     
1-(4-Chlorophenyl)prop-2-en-1-one 139, 141 51  
4-Chloropropiophenone 139, 141 48  
1-(4-Chlorophenyl)-3-methoxypropan-1-one 139, 141 73  
    
Halogenated naphthalenes    
Chloronaphthalene (2 isomers) 162,164 35  
Dichloronaphthalene (9 isomers) 196, 198 53  
Trichloronaphthalene (9 isomers) 230, 232 53 Dichloronaphthalene 
Tetrachloronaphthalene (11 isomers) 264, 266 53 Dichloronaphthalene 
Bromonaphthalene (2 isomers) 206, 208 37  
Dibromonaphtalene (2 isomers) 285, 287   
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Chlorinated diaromatics    
Chlorodiphenylmethane (2 isomers) 202, 204 26 
Schwarzbauer et al. 
1999 
Dichlorodiphenylmethane (2 isomers) 236, 238 68 
Schwarzbauer et al. 
1999 
Trichlorodiphenylmethane (2 isomers) 270, 272 95 
Schwarzbauer et al. 
1999 
Chlorotriphenylmethane (3 isomers) 278, 280 75 
Schwarzbauer et al. 
1999 
Dichlorotriphenylmethane (5 isomers) 312, 314 83 
Schwarzbauer et al. 
1999 
Trichlorotriphenylmethane (3 isomers) 346, 348 82 
Schwarzbauer et al. 
1999 
2-Chlorodiphenylether (3 isomers) 204, 206 39  
Dichlorodiphenylether (2 isomer) 238, 240 62  
Trichlorodiphenylether (3 isomers) 272, 274 83  
Tetrachlorodiphenylether (3 isomers) 306, 308 83 Trichlorodiphenylether 
    
Chlorinated pesticides and metabolites    
HCH 217, 219 54-66 See Chapter 3.2.6 
DDMU  (2 isomers) 282, 284 75  
DDE (2 isomers) 246, 248 89  
DDMS (2 isomers) 235, 237 70 DDD 
DDD (2 isomers) 235, 237 70  
DDT (2 isomers) 235, 237 64  
DDM (2 isomers) 236, 238 54  
DDCN (2 isomers) 226, 228 90  
Dichlorobenzophenone (2 isomers) 139, 141 77  
2,4´-Methoxychlor 344, 346 69  
4,4´-Methoxychlor  344, 346 40  
4,4´-MDE  211, 213   
4,4´-MDD  201, 203 70 DDD 
DBP (4 isomers) 250, 252 54 DDM 
MBP 216, 218 54 DDM 
    
Nitrogen containing compounds    
    
Amides and Lactames    
N-Formylpiperidine 84, 113 38  
N-Acetylpiperidine 84, 127 47  
N-Ethyl-N-phenylformamide 106, 149 57 
N-Ethyl-N-
phenylacetamide 
N-Ethyl-N-phenylacetamide 106, 163 57  
    
Nitrobenzenes    
Nitrobenzene 77, 123 41  
4-Ethylnitrobenzene 105, 151 56  
Chloronitrobenzene (3 isomers) 157, 159 54  
    
N-containing pesticides    
Dicloran, 2,6-Dichloro-4-nitroaniline 206, 208 78  
Nitrofen 183, 185 81  
    
Phosphorous-containing compounds    
O,O,S-Trimethyl dithiophosphate 93, 172 41  
Tributyl phosphate 99, 111 78  
Triphenyl phosphate 77, 326 73  
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Tritolyl phosphate 368 69  
Methylparathion 125, 263 78 Tributyl phosphate 
    
Sulfur-containing compounds    
    
Sulfides    
Diphenyl sulfide 186 44  
    
Sulfones     
Diphenyl sulfone 125, 218 73  
Ditolyl sulfone (3 isomers) 139, 246 77  
Dinaphthyl sulfones 253, 318 70  
    
Sulfonic acid esters    
4-Aminophenylsulfonic acid phenylester 92, 156 69  
Tridecyl- to Octadecylsulfonic acid phenylester 94, 108 77-82 Franke et al. 1998 
Dodecyl- to Heptadecylsulfonic acid cresylester 94, 108 77-82 Franke et al. 1998 
    
Sulfates    
Di-4-tolylsulfate 107, 278 69  
    
Chlorinated sulfur-containing compounds    
Trichlorothiophene (2 isomers) 186, 188 30 Tetrachlorothiophene 
Tetrachlorothiophene 185, 220, 222 30  
4,4´-Dichlorodiphenylsulfide 254, 256 84  
4,4´-Dichlorodiphenylsulfone 286, 288 71  
    
Sulfur-containing pesticides    
Chlorfenson  175, 177 81  
Fenson 77, 141 71  
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Table 15 a-d Occurrence of organic components in sediment samples of the Mulde River. M1-M7 
indicate sample locations upstream and M8-M10 locations downstream from the industrial area of 
Bitterfeld-Wolfen. n.d. – not detected; “+” – detected below limit of quantification. Quantitative data 
are given in ng/g. Data published by Schwarzbauer (1997). 
a) Halogenated compounds 
M1-M7 M8 M9 M10 
     
Halogenated aliphatics     
Hexachloroethane n.d. + + + 
Pentachlorobutadiene (1 isomer) n.d. + +  
Hexachlorobutadiene n.d. 15 6  
     
Halogenated monoaromatics     
Chlorobenzene + + + + 
1,3-Dichlorobenzene + + + + 
1,4-Dichlorobenzene + + + + 
1,2-Dichlorobenzene + + + + 
1,3,5-Trichlorobenzene    n.d. - 30 11 32 28 
1,2,4-Trichlorobenzene 3 - 19 73 340 68 
1,2,3-Trichlorobenzene n.d. - 42 25 150 19 
1,2,3,5-/1,2,4,5-Tetrachlorobenzene 2 - 27 50 220 71 
1,2,3,4-Tetrachlorobenzene 1 - 6 35 230 36 
     
Pentachlorobenzene 1 - 15 17 150 28 
Hexachlorobenzene 2 - 73 32 590 110 
Bromochlorobenzene n.d. 3 31  
Dichlorotoluene (2 isomers)  n.d. 8 82 27 
Trichlorotoluene (3 isomers) n.d. 6 26 17 
Dichloroxylene (1 isomer) n.d. +   
1,2-Bis(chloromethyl)benzene n.d. 35 41 60 
1,3-Bis(chloromethyl)benzene n.d. 29 68 91 
1,4-Bis(chloromethyl)benzene n.d. 43 120 170 
Dichloroethylbenzene (1 isomer) n.d.  +  
Trichlorotrimethylbenzene (1 isomer) n.d. + + + 
Trichloropropylbenzene (1 isomer) n.d. +   
Bis(chloromethyl)xylol (1 isomer) n.d. + + + 
Bis(chloromethyl)tetramethylbenzene (3 isomers) n.d. (+) + + 
1,1,1,2,2-Pentachloroethylbenzene n.d. 15 33 9 
(1-Chloro-2-chloromethyl-3-methoxypropyl)benzene (2 isomers) n.d. + + + 
Tetrachlorostyrene (1 isomer) n.d.   + 
Heptachlorostyrene (1 isomer) n.d.   + 
Octachlorostyrene n.d. + + + 
     
Chlorinated phenols and anisols     
Dichlorophenole (2 isomers) n.d. (+) (+) + 
Trichlorophenole (1 isomer) n.d.   + 
2-Benzyl-4-chlorobenzene + + + + 
Dichloroanisole (1 isomer) n.d. +   
Trichloroanisole (1 isomer) n.d. +  + 
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2,3,5,6-Tetrachloroanisole n.d. - 3 2 18 2 
2,3,4,5-Tetrachloroanisole n.d. - 5 10 160 6 
Pentachloroanisole n.d. - 2 7 18 1 
Tetrachloroveratrole (1 isomer) n.d.   + 
     
Chlorinated aromatic acids and carbonyl compounds      
2,4-Dichlorobenzaldehyde +   + 
1-(4-Chlorophenyl)prop-2-en-1-one n.d. 76 160 370 
4-Chloropropiophenone n.d.  4 29 
1-(4-Chlorophenyl)-3-methoxypropan-1-one n.d. 29 62 150 
4-Chloroacetophenone n.d.   + 
4-Chlorobenzoic acid (m) + + + + 
2,4-Dichlorobenzoic acid (m) + + + + 
     
Halogenated naphthalenes     
1-Chloronaphthalene n.d. 10 11 13 
2-Chloronaphthalene n.d. + + + 
1,3-Dichloronaphthalene n.d. 2 3 5 
1,4-Dichloronaphthalene n.d. 34 47 57 
1,5-/1,6-Dichloronaphthalene n.d. 2  5 
1,7-/2,6-/2,7-Dichloronaphthalene n.d. 3  6 
1,2-Dichloronaphthalene n.d. 2 2 5 
1,8-Dichloronaphthalene n.d. 1 1 2 
1-Bromonaphthalene n.d. 2  1 
2-Bromonaphthalene n.d. 3  8 
Dibromonaphtalene (2 isomers) n.d.   + 
     
Chlorinated diaromatics     
2-Chlorobiphenyl n.d. +   
3-Chlorobiphenyl n.d. +   
4-Chlorobiphenyl n.d. +   
Dichlorobiphenyl (4 isomers) n.d. + +  
Trichlorobiphenyl (5 isomers) n.d. + +  
Mono- to tetrachlorinated triphenylmethanes  n.d. 0.5 - 30 0.5 - 130 1 – 68 
Mono- to tetrachlorinated diphenylmethanes n.d. 0.5 - 61 0.5 - 33 2 - 68 
2-Chlorodiphenylether n.d. 1 2 1 
3-Chlorodiphenylether n.d. 0.5 0.5 0.5 
4-Chlorodiphenylether n.d. 7 18 2 
2,4´-Dichlorodiphenylether n.d. 5 0.5 2 
4,4´-Dichlorodiphenylether n.d. 30 2 3 
Dichlorodiphenylether (1 isomer) n.d. 5 6 4 
2,4,4´-Trichlorodiphenylether n.d. 52 23 19 
3,4,4´-Trichlorodiphenylether n.d. 240 41 41 
Trichlorodiphenylether (2 isomers) n.d. 12 17 2 
2,3´,4,4´-Tetrachlorodiphenylether n.d. 7 2 1 
Tetrachlorobiphenylether (2 isomers)  n.d. 5 1 1 
Dichlorohydroxydiphenylether (1 isomer) n.d. + + + 
Trichloromethoxybiphenylether (1 isomer) n.d. + +  
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Chlorinated pesticides and metabolites     
α-HCH n.d. - 64 26 200 73 
β-HCH n.d. -  71 53 630 150 
ɶ-HCH n.d. - 47 3 55 10 
ɷ-HCH n.d. - 100 12 100 38 
2,4´-DDMU n.d. + +  
4,4´-DDMU  n.d. - 68 20 29 11 
2,4´-DDE n.d. - 13  89 79 14 
4,4´-DDE  23 - 170 560 530 70 
2,4´-DDMS n.d. + +  
4,4´-DDMS  n.d. - 8  3 17 15 
2,4´-DDD n.d. - 320 50 2600 240 
4,4´-DDD  15 - 1000 89 3500 310 
2,4´-DDT n.d. - 44 400 150 170 
4,4´-DDT  n.d. - 460 520 1100 280 
4,4´-DDA-Methylester    +  
2,4´-DDCN 0.5 - 7 70 98 60 
4,4´-DDCN  1 - 30 160 280 220 
2,4´-Dichlorobenzophenone n.d. - 24 8 190 16 
4,4´-Dichlorobenzophenone 8 - 220 23 510 46 
1-(2-Chlorophenyl)-1-(4-chlorophenyl)ethene n.d. + +  
1,1-Bis(4-chlorophenyl)ethene n.d. + +  
2,4´-Methoxychlor n.d. 7 110 7 
4,4´-Methoxychlor  n.d. 34 1200 25 
4,4´-MDE  n.d. +   
4,4´-MDD  n.d. +  
 
 
     
b) Nitrogen containing compounds M1-M7 M8 M9 M10 
     
Anilines     
N-Ethylaniline n.d. - + + +  
N,N-Methylphenylaniline n.d. + + + 
N-Phenylnaphtylamine n.d.   + 
Chloroaniline (1 isomer) n.d.   + 
Dichloroaniline (1 isomers) n.d. + + + 
Trichloroaniline (3 isomers n.d. (+) (+) + 
Chloronitroaniline (1 isomer) n.d. + + + 
N-(2-Chloroethyl)-N-ethylaniline n.d. +   
N,N-Bis(2-chloroethyl)aniline n.d. +   
     
Amides and Lactames     
N-Methylpyrrolidone +  + + 
N-Formylpiperidine n.d. - 87 32 29 26 
N-Acetylpiperidine n.d. - 23    
N-Ethyl-N-phenylformamide n.d. - 3 9 19  
N-Ethyl-N-phenylacetamide n.d. - 4    
     
Nitrobenzenes     
Nitrobenzene n.d. - 3 17 16 20 
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4-Ethylnitrobenzene n.d. - 22 210 120 13 
2-Chloronitrobenzene n.d. + + + 
4-Chloronitrobenzene n.d. + + + 
Dichloronitrobenzene (1 isomer) n.d.  +  
     
N-containing pesticides     
Dicloran, 2,6-Dichloro-4-nitroaniline 15 - 120 18 220 11 
Nitrofen n.d. - 160 150 290 16 
 
 
 
c) Phosphorous-containing compounds 
M1-M7 M8 M9 M10 
O,O,O-Trimethyl thiophosphate n.d. + +  
O,O,S-Trimethyl dithiophosphate n.d. 10 160 100 
     
Tributyl phosphate 14 - 73 50 72 94 
Trioctyl phosphate (1 isomer) n.d. + + + 
Triphenyl phosphate n.d. - 9  22  
Tritolyl phosphate 4 4 4 4 
     
Methylparathione n.d.   + 
Dimethoate 
n.d. 
+   
 
d) Sulfur-containing compounds 
M1-M7 M8 M9 M10 
     
Sulfides     
Diphenyl sulfide 2 - 6 7 17 16 
     
Sulfones      
Diphenyl sulfone n.d. 13 29 25 
Ditolyl sulfone (3 isomers) n.d. - 22 22 39 53 
Dinaphthyl sulfones n.d. - 186 594 1080 830 
     
Sulfonic acid esters     
4-Aminophenylsulfonic acid phenylester  16 26 8 
Tridecyl- to Octadecylsulfonic acid phenylester 1430 - 7440 18900 33780 4450 
Dodecyl- to Heptadecylsulfonic acid cresylester 305 - 1880 3570 9580 800 
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Sulfates     
Di-4-tolylsulfate n.d. 100 46 75 
     
Benzthiazoles M1-M7 M8 M9 M10 
2-Methylthiobenzothiazol +    
     
Chlorinated sulfur-containing compounds     
Trichlorothiophene (2 isomers) n.d. 16 14 14 
Tetrachlorothiophene n.d. 160 66 120 
     
4,4´-Dichlorodiphenylsulfide n.d. 360 200 250 
4,4´-Dichlorodiphenylsulfoxid n.d. +  + 
4,4´-Dichlorodiphenylsulfone n.d. 120 200 110 
     
Sulfur-containing pesticides     
Chlorfenson  n.d. - 480 4 27 7 
Fenson n.d. - 0.5 4 11 22 
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Table 16 Occurrence of organic components in soil layer samples of a floodplain of the Mulde River. 
Samples A were taken in β004. Samples B were taken in β01β. “+” - detected below limit of 
quantification. Quantitative data are given in ng/g. 
Halogenated compounds A1 A2 A3 A4 A5 A6 A7 B1 B2 B3 B4 B5 
              
Halogenated aliphatics              
Pentachlorobutadiene        90 1    
Hexachlorobutadiene 2       22 12 1   
              
Halogenated monoaromatics              
Trichlorobenzene (1,3,5) 43 34 2 0.2 0.1 0.1 0 120 62 9 2 2 
Trichlorobenzene (1,2,4) 1400 640 42 4 1 2 1 3200 420 43 2 2 
Trichlorobenzene (1,2,3) 400 110 6 1 + 0.2 0.1 1000 130 23 2 2 
Tetrachlorobenzene (1,2,3,5) 510 440 22 2 0.2 2 0.1 2200 360 89 4 2 
Tetrachlorobenzene (1,2,3,4) 780 620 22 2 0.2 1 0.2 9100 400 130 4 4 
Pentachlorobenzene 210 240 5   1  1700 230 71 2 2 
Hexachlorobenzene 460 6900 300  9 19  37000 4000 1900 65 88 
Bromochlorobenzene 31             
Bromodichlorobenzene (2 isomers)        90 2    
Dichlorotoluene (2 isomers) 64         2 0.4   
Trichlorotoluene (2 isomers) 21       81 3 1   
Tetrachlorotoluene (2 isomers)        230 1 2   
Pentachlorotoluene (2 isomers)        170 5 3   
Hexachlorotoluene        88     
Bis(chloro)methylbenzene 10             
1,1,1,2,2-Pentachloroethylbenzene 15       1100 11 33   
Trichlorostyrene 45       1500 9 160   
Tetrachlorostyrene (4 isomers) 6       120 8 13   
Pentachlorostyrene (6 isomers) 240 450 6 2 5 1  12 41 8   
Octachlorostyrene + 1200 6 1 0.5 2  330 1200 4600 6 31 
              
Chlorinated phenols and anisols              
Trichloroanisole (3 isomers)        1900 200 7   
Tetrachloroanisole (2 isomers) 74  0.2     14000 750 150   
Pentachloroanisole 150       1800 38 17   
              
Halogenated naphthalenes              
Chloronaphthalene (2 isomers)        290 6 14   
Dichloronaphthalene (6 isomers) 120 +      840 51 81   
Trichloronaphthalene (9 isomers) + +      170 240 87   
Tetrachloronaphthalene (11 isomers) + 550 2 +    150 650 81   
             
Appendix 
 
 
117 
 
 
Chlorinated pesticides and metabolites A1 A2 A3 A4 A5 A6 A7 B1 B2 B3 B4 B5 
HCH (5 isomers) 65 21000 4900 14300 4510 2960  200000 26000 6800 1700 900 
DDMU (4 isomers)        256     
DDE (4 isomers)        670 24 810 1 10 
2,4'-DDD 3       14000 53 440 23 1 
4,4'-DDD  120 140 0.1 4 0.4   14000 56 800 100 1 
2,4'-DDT 28       20000 590 2500 100 39 
4,4'-DDT  1600 1400  5 3   160000 3400 20000 50 130 
DDMS 19 36 0.7 0.4 0.1         
2,4'-DDM        76 2 2   
4,4'-DDM        170 2 2   
2,4'-Methoxychlor 170       810  17  1 
4,4'-Methoxychlor        5800     
MDD (3 isomers)        5700 14 500   
DBP (4 isomers) 26 590      44000 120 3900 33  
MBP        870  48   
              
Nitrogen containing compounds A1 A2 A3 A4 A5 A6 A7 B1 B2 B3 B4 B5 
              
Nitrobenzenes 
             
Chloronitrobenzene (3 isomers) 9       140 13 6   
              
Phosphorous-containing compounds A1 A2 A3 A4 A5 A6 A7 B1 B2 B3 B4 B5 
              
Tributyl phosphate 8 8   1         
Triphenyl phosphate 490 330  14 0.3 7 1       
Tritolyl phosphate (8 isomers) 1100 2200            
Methylparathion 170 6300      5300 31    
              
Sulfur-containing compounds A1 A2 A3 A4 A5 A6 A7 B1 B2 B3 B4 B5 
              
Sulfides              
Diphenyl sulfide 1             
              
Sulfones              
Diphenyl sulfone (2 isomers) 44 1700            
Dinaphthyl sulfone +             
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Chlorinated sulfur-containing 
compounds 
A1 A2 A3 A4 A5 A6 A7 B1 B2 B3 B4 B5 
             
Trichlorothiophene 670         3 3   
Tetrachlorothiophene 120       330 63 10  0.3 
Dichlorodiphenyl sulfide (2 isomers) 1400       2700 48 71   
4,4' Dichlorodiphenylsulfone 29 79      25     
             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
